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ABSTRACT
THE ROLE OF CUMULATE PLAGIOCLASE ENTRAINMENT IN THE STEENS
BASALT, SE OREGON: INSIGHTS FROM THE
MAGMA CHAMBER SIMULATOR
by
Valerie Eddalisa Maria Strasser
October 2020
The Steens Basalt, located in SE Oregon, is the oldest and most mafic member of
the Columbia River Basalt Group (CRBG). Because the Steens Basalt contains large (up
to 6 cm) and abundant (up to 40%) plagioclase crystals, it is classified as a Giant
Plagioclase basalt (GPB). Understanding the origin of these giant plagioclase yields
insight into magmatic processes like recharge, crustal assimilation, cumulate entrainment,
and fractional crystallization. Because large and abundant plagioclase are found in other
flood basalt provinces worldwide, these results could also enhance understanding of
magma evolution and storage conditions for GPB worldwide. The Steens basalt is
informally subdivided into upper Steens and lower Steens based on geochemical
differences and variations in plagioclase textures and morphology. In situ plagioclase
data, collected by Toth (2018) revealed that more of the lower Steens plagioclase are in
Sr isotope equilibrium with their groundmass compared to upper Steens plagioclase,
where fewer plagioclase are in Sr isotope equilibrium with their groundmass. This led to
the hypothesis that entrainment of a plagioclase-bearing cumulate into a Steens-type
magma chamber was a necessary process to produce the chemical and textural diversity
seen in the upper and lower Steens plagioclase. This study employs mass and energyiii

balanced thermodynamic model called the Magma Chamber Simulator (MCS) to
determine dominant magmatic processes affecting Steens magmas during storage and
quantify magmatic processes that result in the crystallization of abundant plagioclase.
Rhyolite-MELTS was also used to better understand the dominant magmatic processes
affecting Steens-type magmas during transport. Thermal, mass, and compositional inputs
were iteratively tested in order to replicate whole rock and mineral data, test the
hypothesis of cumulate entrainment, and reproduce phase assemblages present in upper
and Lower Steens. Lower Steens magmas were dominated by mid to upper crustal
recharge, fractional crystallization, and cumulate entrainment. Plagioclase-bearing
cumulate entrainment resulted in full to partial plagioclase resorption, followed by
abundant new crystallization. Plagioclase formed in lower Steens magmas will therefore
be in Sr isotope equilibrium with associated groundmass. Enthalpy transfer from lower
Steens magma is hypothesized to have thermally primed the mid to upper crust. Upper
Steens magmas were dominated by crustal assimilation and fractionation relative to
recharge and also experienced cumulate entrainment. Entrainment resulted in partial
resorption, followed by abundant crystallization, which produced plagioclase that are less
likely to be in Sr isotope equilibrium with their groundmass. For both lower and upper
Steens, an important process during transport of magmas was isothermal decompression,
which resulted in full clinopyroxene resorption in lower Steens type magmas. Only
models which tested isothermal decompression resulted in the correct differences in
phenocrysts between lower and upper Steens. Results define time transgressive
establishment of a mid to upper crustal magma system that shifts from a recharge to
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assimilation and crystallization dominated system where isothermal decompression
occurred during ascent.
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CHAPTER I
INTRODUCTION
The Steens Basalt, the oldest and most mafic members of the Columbia River
Basalt Group, has Giant Plagioclase Basalt (GPB) flows which contain large (up to 6 cm)
and abundant (up to 40%) plagioclase. The exposure of Steens Basalt at Steens Mountain,
(SE Oregon), records evolution from more mafic lower Steens, where mafic recharge
outpaced fractionation, to more evolved upper Steens, where fractionation and modest
crustal assimilation outpaced mafic recharge (Moore et al., 2017 and references therein).
The major phenocryst phases in the lower Steens flows are olivine and plagioclase,
whereas those in the upper Steens are olivine, plagioclase, and clinopyroxene. Lower
Steens plagioclase are typically in Sr isotopic equilibrium with associated groundmass
(GM) and have lower concentrations of incompatible trace elements like La and Ba. In
contrast, upper Steens plagioclase are typically not in Sr isotopic equilibrium with
associated GM and have higher concentrations of La and Ba (Toth, 2018). Based on these
data, the origin of Steens plagioclase is hypothesized to involve entrainment of a
plagioclase-bearing cumulate (Toth, 2018).
This study employs a mass and energy constrained thermodynamic tool, the
Magma Chamber Simulator (MCS; Bohrson et al., 2014), and another thermodynamic
modelling tool, Rhyolite-MELTS to: 1) assess if interaction between magmas and
cumulates produced the abundant plagioclase in the Steens Basalt and, by extension,
Giant Plagioclase Basalts (GPB) worldwide 2) quantify magmatic processes affecting
Steens magmas during crustal storage, such as magma recharge and crustal assimilation
and 3) assess the magmatic processes affecting Steens type magmas during transport.
1

The hypothesis that Steens GPB (i.e., crystals and associated melt) formed via
magma recharge, crystallization, assimilation, and entrainment of a plagioclase-bearing
cumulate was iteratively tested in the MCS by varying input parameters, with model
output compared to whole-rock and in situ mineral geochemical data. For more mafic
Lower Steens magmas, model results show that cumulate entrainment facilitated by
magma recharge into a midcrustal (0.4 GPa) reservoir yielded substantial plagioclase
resorption. Upon cooling, plagioclase crystallized abundantly, consistent with crystal-GM
isotopic equilibrium and lower concentrations of incompatible trace elements like Ba and
La. Isothermal decompression followed, with model results reproducing lower Steens
whole-rock and mineral data. These models support the suggestion of Moore et al. (2018)
that heat from lower Steens magmatism thermally primed the crust as the magma system
shoaled (0.1 GPa). Assimilation, recharge, and cumulate entrainment into more evolved
upper Steens magma bodies yielded some plagioclase resorption, followed by new
growth, consistent with heterogeneous in situ isotopes and higher concentrations of
incompatible trace elements like La and Ba. In addition, whole rock major and trace
element chemistry was well replicated with isothermal decompression. MCS modelling
indicates that Steens eruptions were fed by a shoaling mid-upper crustal magma storage
zone (0.4-0.1 GPa), and quantifies the recharge, cumulate entrainment, crystallization,
and assimilation history. In conclusion, plagioclase cumulate entrainment is an essential
process for the formation of Steens GPB, and likely other GPBs.
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CHAPTER II
LITERATURE REVIEW
This section will introduce flood basalts worldwide, and specifically address those
that are considered giant plagioclase basalts (GPB), and then focus on the Columbia
River Basalt Group (CRBG) in the north-western USA. Then I will introduce the oldest
member of the CRBG, the Steens Basalt, which is the focal point of my research. Open
and closed system processes that affect magma differentiation will be introduced. I will
present published hypotheses for the growth of large plagioclase in other GPB and end
with the thermodynamic modelling tools used in this study.
Flood Basalts and Giant Plagioclase Basalts
Voluminous eruptions of basalt, known as flood basalts, are classified as large
igneous provinces (LIP) and are found around the world. While these catastrophic events
emplace hundreds of thousands of cubic kilometers of material on the Earth’s surface, it
is hypothesized that the majority of the total volume of material (50-85%) actually
remains stored in the crust (Moore et al., 2018). A striking characteristic of flood basalts,
besides the massive volume of erupted material, are the relatively short durations of
eruption. Bryan and Ernst (2007) define LIP as having a maximum lifespan of 50 Myrs,
with major pulses of magmatism occurring in just 1-5 Myrs.
GPB are characterized by the presence of plagioclase megacrysts (Sen, 2001).
Cheng et al. (2014) propose that GPB result from large volumes of mafic magma being
stored at crustal depths, with morphology specific (i.e. size, shape) residence times for
such plagioclase in the Emeishan Large Igneous Province (in SW China) estimated to be
500-10,000 years. Alternatively, Sheth (2016) proposes GPB are the result of plagioclase
3

accumulation, via floatation, in deep crustal sills, (near-Moho) forming anorthositic
layers, where the plagioclase grows over time scales on the order of tens to hundreds of
thousands of years before eventually being remobilized by magma recharge.
In the Deccan Traps, the modal distribution of plagioclase in GPB flows is
significantly variable, which could be attributed to processes like post-emplacement
floatation (Sheth, 2016). Other examples of flood basalt provinces that have GPB are the
Siberian Traps in Russia and the Columbia River Basalt Group in the northwestern USA.
Additional details of these GPB crystallization models are provided below.
Columbia River Flood Basalt Group
The Columbia River Basalt Group (CRBG) is a continental flood basalt located in
the northwestern USA. Because the CRBG is the smallest, youngest, and best exposed
flood basalt province on Earth, it a pristine location for studying flood basalts (Wolff and
Ramos, 2013). Approximately 210,000 km3 of mostly tholeiitic basalt (Reidel et al.,
2013) erupted across parts of present-day Washington, Oregon, Idaho, and Nevada from
~17 Ma to 6 Ma (Wolff and Ramos, 2013; Moore et al., 2018).
The CRBG is hypothesized to have formed from mantle upwelling that is now
associated with the Yellowstone hot spot (Camp, 2013). Petrological and geochemical
studies indicate that the Columbia River Basalts variably incorporated crustal
components like Phanerozoic arc crust and North American Precambrian cratonic crust
(Wolff and Ramos, 2013).
The CRBG erupted near the 87Sr/86Sr 0.706 and 0.704 isopleths, which mark the
structurally complex boundary where younger accreted terranes to the west abut older
North American craton to the east (Wolff and Ramos, 2013). This junction has been
4

interpreted as a zone of weaknesses, which thereby allowed CRBG magmas to ascend
and erupt (Wolff et al., 2008; Reidel et al. 2013).
Seven major chemically and physically distinct formations constitute the CRBG
(Reidel et al., 2013). These formations progress, in general, from the oldest erupted
material in the south to the youngest erupted material in the north (Reidel et al., 2013a).
This is thought to be due to northward migration of magmatic systems feeding the CRBG
over time, the evidence of which is the feeder dike locations also progress northward
(Moore et al., 2018). From oldest to youngest are the Steens Basalt, the Imnaha Basalt,
the Grande Ronde Basalt, the Picture Gorge and Prineville Basalts, the Wanapum Basalt,
and the Saddle Mountains Basalt.
A key feature of flood basalt eruptions, aside from the enormous volumes of
material erupted, is their geologically relatively short eruption duration. The majority of
the main phase of CRBG volcanism erupted within about 1 m.y. (from ~16.8 to 15.6 Ma)
(Reidel et al., 2013), which results in an average eruptive rate of 0.15-0.25 km3 yr-1
(Wolff and Ramos, 2013). The main phase of CRBG volcanism accounts for 92% of the
total erupted volume and includes the Steens, Imnaha, Picture Gorge, and Grande Ronde
Basalts.
Aside from location and extent, the CRBG formations are distinguished by
geochemistry, paleomagnetism, superposition, and the presence, or lack, of plagioclase
megacrysts and olivine phenocrysts. Many flows in the CRBG are aphyric to sparsely
phyric; however, several formations in the CRBG are considered GPB because they
contain extremely plagioclase-phyric flows.
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The Steens Basalt
Steens Mountain, the type locality for the Steens Basalt, is located in SE Oregon
(Reidel et al., 2013). The Steens Basalt is one of the oldest (17-16.1 Ma) and most mafic
formations of the CRBG (Camp et al., 2013). As one of the oldest members of the
CRBG, the Steens Basalt represents some of the earliest interaction between the
hypothesized mantle plume source and the crust. The Steens Basalt began erupting from
vents associated with the Steens dike swarm (Wolff and Ramos, 2013) and ultimately,
approximately 31,800 km3 of material was erupted, which is ~15% of the total estimated
erupted CRBG volume (Camp et al., 2012). The Steens basalt, which is up to 1 km thick
at Steens Mountain, formed as a series of compound lava flows, where each flow can be
separated into distinct units, whereas other CRBG members were emplaced as sheet
flows (Reidel et al., 2013). Isotopic characteristics indicate the source of the Steens
Basalt may be a mixture of melts that originated from two defined mantle sources,
Imnaha and Pacific MORB (Wolff et al., 2008; Wolff and Ramos, 2013).
Based on stratigraphic position, geochemistry, and plagioclase morphology, the
Steens Basalt has been informally subdivided into upper and lower Steens. Recently,
Moore et al. (2018) reported a third subdivision, called lower Steens A that is
stratigraphically below the originally defined “lower Steens”. Thus, the new proposed
stratigraphic order is lower Steens A, lower Steens B, and upper Steens. Both lower B
and upper Steens have large (up to 6 cm) and abundant (up to 40 modal %) plagioclase,
classifying them as GPB. The samples used in this study cover a thickness of 287 m for
lower Steens A, 331 m for lower Steens B, and 655 m for upper Steens (Johnson et al.
(1998), Moore et al. (2018), and Bendaña (2016). Lower Steens A will be briefly
6

introduced and is represented in most diagrams, but the main focus for this study is lower
Steens B and upper Steens.
Lower Steens A has sparse oxidized weathering horizons, is slightly more
chemically evolved than lower Steens B, and becomes more chemically homogeneous up
section. These characteristics are attributed to a dominance of fractional crystallization
relative to recharge in the magma storage system associated with lower Steens A (Moore
et al., 2018). Moore et al. (2018) hypothesize the more evolved nature of Lower Steens A
is due to ascent of these magmas through the cool crust, which would favor dominance of
crystallization. Because lower Steens B flows have less abundant oxidized weathering
horizons between flows than the lower Steens A and upper Steens flows (Moore et al.,
2018), the lower Steens B is interpreted to have had a higher eruption rate, which in turn
can be attributed to higher recharge rates in this recharge dominated system. Lower
Steens B is hypothesized to have been dominated by mafic recharge (Moore et al., 2018).
Lower Steens B also has mantle 187Os/ 188Os signatures, and low LILE/HFSE ratios
which Moore et al. (2018) interpreted as evidence that these lavas experienced little to no
contamination from crustal melts.
More geochemistry-based interpretations of the dominant magmatic processes
that affected lower and upper Steens will be discussed below. Compared to the lower
Steens Basalts, upper Steens Basalts have more frequent weathering horizons, which
could be attributed to a decrease in recharge rates which would result in lower eruption
rates (Moore et al., 2018).
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Magmatic Processes and Trans-crustal Magma-mush Systems
Processes that dominate magmatic differentiation are magma recharge, crustal
assimilation, fractional crystallization, and cumulate entrainment (RAFCE). Recharge (R)
occurs when magma, of related composition or different composition, is injected into a
resident magma body. Recharge is hypothesized to be one potential trigger for volcanic
eruptions via convection and super saturation of volatiles, for example, that destabilize
the magma (Anderson, 1976; Sigurdsson, 1977). Convection results in magma mixing or
mingling and can potentially disturb cumulate material that may have formed from the
settling of fractionated solids.
Crustal assimilation (A) is the incorporation of foreign crustal material into a
magma body. The transfer of heat from the magma, derived from sensible and latent heat
of crystallization, can cause ambient wallrock to melt, and this melt can be assimilated
into the magma, changing the overall composition. The wallrock, at a user defined
temperature and mass (known as stoped blocks) can be incorporated into the magma
body and the magma and the block reach a new equilibrium condition. This new
equilibrium state includes a melt + crystals ± fluid phase, potentially at a new magma
temperature (which depends on the enthalpy of the stoped block).
Fractional crystallization (FC) is the process by which minerals form from and are
removed from a melt. The order of fractionating phrases occurs in a predictable way. As
a magma cools, and phases crystallize and are subsequently removed from the melt, the
remaining melt composition also changes in a predictable way. As the crystalizing phases
are removed, they can settle or buoyantly ascend to the margins of the magma reservoir,
depending on density of crystals compared to the melt, as well as other factors.
8

Another significant magma process is cumulate entrainment (E). Cumulates can
form as fractionated solids settle to or crystallize on the margins of the magma chamber,
and, when disturbed, can be entrained into the magma. The term ‘cumulate’ in the
context of this thesis refers to crystals and ‘mush’ refers to crystals + melt.
The phrase ‘magma chamber’ may evoke images of singular high melt-fraction
bodies. However, recent work has focused on importance of understanding magma
evolution over the scale of an entire vertically extensive trans-crustal magma systems
(TCMS, Cashman et al., 2017) as opposed to magma evolution on the scale of a single
molten body. This work has suggested that crustal magma storage systems may actually
persist as frameworks of crystal dominated mushes that have minor interstitial melt
(Cashman et al., 2017) Mush reservoirs could exist at hundreds of degrees cooler than an
eruptible magma, and even at sub-solidus temperatures (Jackson et al., 2018). Because of
the thermal longevity of mushes, they are proposed to exist for long durations (102-105
years) in the mid to upper crust (Cooper and Kent, 2014; Cashman, 2017).The potential
for magma accumulation may even be controlled by the presence of cumulate reservoirs
that make the formation of a melt rich magma chamber at upper crustal depths possible.
These trans-crustal magmatic systems (TCMS, Cashman et al., 2017) would allow for
melt to accumulate slowly in lenses throughout the crust. These lenses can then
destabilize and rapidly erupt, resulting in low-crystallinity lavas seen at the surface
(Cashman et al., 2017, Jackson et al., 2018). The low melt fraction (<<40% melt) and
interconnectivity of crystal mush networks is thought to ‘lock’ them, making them
uneruptable by themselves (Caricchi and Blundy, 2016; Huber et al., 2011). To be
included in the eruptive material, these crystal mush networks need to be thermally and
9

mechanically reactivated/remobilized, which could be induced by melting, addition of
volatiles, or rapid melt accumulation (Huber et al., 2011; Bachmann and Bergantz, 2008;
Jackson et al., 2018).
Published Plagioclase Crystallization Models
Studies of the crystallization of abundant plagioclase have concluded that
acquisition of abundant plagioclase chemical components is an essential process in order
to achieve abundant plagioclase crystallization (i.e. cumulate plagioclase entrainment,
Sheth, 2016). As the magma fractionates, plagioclase can accumulate on or grow directly
on the margins of the chamber. Those crystals can be disrupted and entrained by a
recharge event and then can be partially or fully resorbed into the melt. After resorption,
crystallization of the plagioclase is hypothesized to be controlled by degrees of
undercooling (Mollo and Hammer, 2017). Toth (2018) interpreted the differences in
morphologies of the large plagioclase to be a result of different degrees of undercooling
in lower and upper Steens magmas.
Undercooling occurs when a melt cools past a temperature where a certain
mineral would be saturated, but the mineral does not crystallize, and the melt becomes
supersaturated with respect to that mineral’s components (Mollo and Hammer, 2017).
Degree of undercooling, which impacts nucleation rate, will determine if crystallization
will proceed as a nucleation or growth dominated system (Mollo and Hammer, 2017).
The nucleation rate significantly impacts the distribution of crystallizing solids (Mollo
and Hammer, 2017). If the initial nucleation rate is high, a nucleation dominated system
will exist, which results in a greater number of small crystals. Alternatively, a low
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nucleation rate would result in a growth dominated system where fewer, larger crystals
would form (Mollo and Hammer, 2017).
Sen and colleagues (2006) hypothesized that large, unzoned plagioclase could
potentially grow in a crystallization front or in a conduit. However, they concluded the
conduit environment was unlikely considering the time necessary for large plagioclase
growth relative to the longevity of a dike (Sen et al., 2006). Alternatively, Sheth (2016)
hypothesized that the formation of giant plagioclase is due to long term growth in deep
crustal sill complexes (near-Moho). Another model for the formation of giant plagioclase
involves plagioclase buoyantly rising and accumulating at the top of the magma chamber.
As magma circulates past the plagioclase, new material for growth is supplied, and the
plagioclase coarsen while maintaining a temperature near their liquidus (Sen, 2001,
Higgins and Chandrasekharam, 2007). This is a diffusion driven process known as
textural coarsening, or Ostwald Ripening (Higgins and Chandrasekharam, 2007). During
this process, it is energetically favorable for smaller crystals to resorb, because they have
a large surface area to volume ratio. This would then provide material that coarsens larger
crystals, which minimizes surface area energy.
Thermodynamic Modelling
In the next few sections, I introduce a thermodynamic modelling tools called the
Magma Chamber Simulator (MCS) including its major element, phase equilibria, and
trace element modelling capabilities. Then I introduce another thermodynamic tool used
in this study called Rhyolite-MELTS and its capabilities.
Thermodynamic Modelling Tools: Magma Chamber Simulator. The Magma
Chamber Simulator, a mass and energy constrained thermodynamic model, was used to
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iteratively test different magma process-based models that employ entrainment (E),
recharge (R), fractional crystallization (FC), ± crustal assimilation (A) to explain the
genesis, textures, and geochemistry of the abundant plagioclase in the Steens Basalt and
overall geochemical variability within the Steens Basalt. Using the MCS, I varied
thermal, mass, and compositional inputs in order to replicate whole rock and mineral data
and test the hypothesis of cumulate entrainment.
Major Element and Phase Equilibria Modelling using the Magma Chamber
Simulator. Computational modelling is an effective tool to quantify chemical and phase
equilibria evolution in complex magmatic systems. The Magma Chamber Simulator is a
mass and energy-constrained thermodynamic computational model that tracks open and
closed system magmatic processes like recharge, fractional crystallization, cumulate or
mush entrainment, stoping, and crustal assimilation. The MCS builds on the energyconstrained modelling programs called Energy-Constrained Recharge, Assimilation and
Fractional Crystallization (EC-RAFC) (Bohrson and Spera, 2001, 2003, 2007; Spera and
Bohrson, 2001, 2002, 2004) and Rhyolite-MELTS (Ghiorso and Sack, 1995; Gualda et
al., 2012). Energy constrained (EC) modelling is capable of tracking on the mass,
thermal, and compositional changes a magmatic system undergoes as it is evolves.
Rhyolite-MELTS is a thermodynamic computational model that is capable of modelling
phase equilibria, and major element compositions of solids and melt. Other data, such as
density and viscosity, for solids and melt are also output (Ghiorso and Sack, 1995;
Gualda et al., 2012).
Bohrson et al. (2014) combined the capabilities of these computational tools to
produce the MCS, which can be applied to modelling open-system behavior of complex
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magmatic systems. The MCS tracks the mass, thermal, major and trace element, isotopic,
and phase equilibria evolution of the magma, wallrock, and recharge subsystems. These
subsystems will be described next.
The inputs for the magma subsystem include a user chosen composition, starting
temperature, temperature decrement, and an ending temperature. The magma subsystem
always has a mass of 100 mass units. The composition of the magma subsystem
represents the bulk composition of a resident magma body and the run initiates at the
liquidus of that composition. The wallrock subsystem inputs include the wallrock
composition, mass, initial temperature, and a “find solidus” start and end temperature
(which are involved in determining the temperature where the wallrock is thermally
primed). The recharge subsystem inputs include a recharge composition, mass,
temperature, and a recharge event trigger temperature, which is the temperature of the
magma at the instance of recharge. The recharge trigger temperature can be set to occur
at a certain temperature (operationally tagged as byTemp in MCS) or after a certain
temperature drop from the liquidus temperature (operationally tagged as byDelta in
MCS).
The MCS runs by incrementally decreasing the temperature of the magma from
the parent magma liquidus temperature while crystals ± fluid are fractionated; see
Bohrson et al. (2014) for details. Recharge and cumulate/mush entrainment events can
then also be incorporated into the run, where the entrainment event is mathematically
treated as equivalent to a recharge event. The temperature at which recharge or
entrainment happens is controlled by the user. In this study, a recharge event was initiated
after a certain temperature decrement from the liquidus, with entrainment following
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almost immediately (10 °C after), simulating recharge induced entrainment. Assimilation
is incorporated into the model via energy and mass transfer. Wallrock heats up from its
initial temperature due to enthalpy transfer from cooling and crystallization of the
resident magma (i.e., parent magma) and recharge magma(s). Before any anatectic melt is
transferred to the resident magma body, a critical fraction of melt must be maintained in
the wallrock. This percolation threshold is typically set to equal 4-12 % (Bohrson et al.,
2014). Once the wallrock partially melts and this percolation threshold is exceeded,
anatectic melt is transferred to the magma body and is homogenized with magma melt.
MCS results include the composition, temperature, and mass of melts, crystals, and fluids
that compose contaminated and recharged magma and residual wallrock. The simulation
begins at the liquidus and completes when the magma and wall rock are in thermal
equilibrium.
Trace Element Modelling using the Magma Chamber Simulator. MCS also
has the capability to calculate trace element concentrations as the system differentiates.
Trace element models input includes a MCS major element output sheet, initial
concentrations of each trace element in the magma, wallrock, and recharge subsystems,
partition coefficients of each trace element for every phase present in the magma body
and wallrock (for models that incorporate assimilation), and mineral-fluid partition
coefficients. The output from the MCS trace element calculations includes evolution of
trace element concentrations in the magma, in each mineral phase present, and in the
wallrock melt that forms.
Thermodynamic Modelling Tools: Rhyolite-MELTS. Rhyolite-MELTS
(Ghiorso and Sack, 1995; Gualda et al., 2012) is a thermodynamic computational tool
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that is capable of tracking phase equilibria and major element differentiation of crystals
and liquid as a system undergoes fractional or equilibrium crystallization. Inputs for the
simulations used in this study included a bulk composition, pressure, pressure decrement,
temperature, temperature decrement, and oxygen fugacity. Rhyolite-MELTS can simulate
an isobaric or polybaric system.
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THE ROLE OF CUMULATE PLAGIOCLASE ENTRAINMENT IN THE
STEENS BASALT, SE OREGON: INSIGHTS FROM THE MAGMA CHAMBER
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INTRODUCTION
The Steens Basalt, the oldest and most mafic members of the Columbia River
Basalt Group, has Giant Plagioclase Basalt (GPB) flows which contain large (up to 6cm)
and abundant (up to 40%) plagioclase. The exposure of Steens Basalt at Steens Mountain,
(SE Oregon), records evolution from more mafic lower Steens, where mafic recharge
outpaced fractionation, to more evolved upper Steens, where fractionation and modest
crustal assimilation outpaced mafic recharge (Moore et al., 2017 and references therein).
The major phenocryst phases in the lower Steens flows are olivine and plagioclase,
whereas those in the upper Steens are olivine, plagioclase, and clinopyroxene. Lower
Steens plagioclase are typically in Sr isotopic equilibrium with associated groundmass
(GM) and have lower concentrations of incompatible trace elements like La and Ba. In
contrast, upper Steens plagioclase are typically not in Sr isotopic equilibrium with
associated GM and have higher concentrations of La and Ba (Toth, 2018). Based on these
data, the origin of Steens plagioclase is hypothesized to involve entrainment of a
plagioclase-bearing cumulate (Toth, 2018).
This study employs a mass and energy constrained thermodynamic tool, the
Magma Chamber Simulator (MCS; Bohrson et al., 2014), and another thermodynamic
modelling tool, Rhyolite-MELTS to: 1) assess if interaction between magmas and
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cumulates produced the abundant plagioclase in the Steens Basalt and, by extension,
Giant Plagioclase Basalts (GPB) worldwide 2) quantify magmatic processes affecting
Steens magmas during crustal storage, such as magma recharge and crustal assimilation
and 3) assess the magmatic processes affecting Steens type magmas during transport.
The hypothesis that Steens GPB (i.e., crystals and associated melt) formed via
magma recharge, crystallization, assimilation, and entrainment of a plagioclase-bearing
cumulate was iteratively tested in the MCS by varying input parameters, with model
output compared to whole-rock and in situ mineral geochemical data. For more mafic
lower Steens magmas, model results show that cumulate entrainment facilitated by
magma recharge into a midcrustal (0.4 GPa) reservoir yielded substantial plagioclase
resorption. Upon cooling, plagioclase crystallized abundantly, consistent with crystal-GM
isotopic equilibrium and lower concentrations of incompatible trace elements like Ba and
La. Isothermal decompression followed, with model results reproducing lower Steens
whole-rock and mineral data. These models support the suggestion of Moore et al.,
(2018) that heat from lower Steens magmatism thermally primed the crust as the magma
system shoaled (0.1 GPa). Assimilation, recharge, and cumulate entrainment into more
evolved upper Steens magma bodies yielded some plagioclase resorption, followed by
new growth, consistent with heterogeneous in situ isotopes and higher concentrations of
incompatible trace elements like La and Ba. In addition, whole rock major and trace
element chemistry was well replicated with isothermal decompression. MCS modelling
indicates that Steens eruptions were fed by a shoaling mid-upper crustal magma storage
zone (0.4-0.1 GPa), and quantifies the recharge, cumulate entrainment, crystallization,
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and assimilation history. In conclusion, plagioclase cumulate entrainment is an essential
process for the formation of Steens GPB, and likely other GPBs.
BACKGROUND
This section will introduce flood basalts worldwide, and specifically address those
that are considered giant plagioclase basalts (GPB), and then focus on the Columbia
River Basalt Group (CRBG) in the north-western USA. Then I will introduce the oldest
member of the CRBG, the Steens Basalt, which is the focal point of my research. I will
discuss the chemical differences defining upper and lower Steens Basalt subgroups and
describe what the morphological differences between plagioclase in the upper and lower
Steens reveal about the interaction between the crystal(s) and surrounding melt. I will
present published hypotheses for genesis and growth of large plagioclase in other GPB
and end this section with an introduction of the modelling tools used in this study.
Flood Basalts and Giant Plagioclase Basalts
Voluminous eruptions of basalt, known as flood basalts, are classified as large
igneous provinces (LIP) and are found around the world (fig. 1). While these catastrophic
events emplace hundreds of thousands of cubic kilometers of material on the Earth’s
surface, it is hypothesized that the majority of the total volume of material (50-85%)
actually remains stored in the crust (Moore et al., 2018). A striking characteristic of flood
basalts, besides the massive volume of erupted material, are the relatively short durations
of eruption. Bryan and Ernst (2007) define LIP as having a maximum lifespan of 50
Myrs, with major pulses of magmatism occurring in just 1-5 Myrs.
GPB are characterized by the presence of plagioclase megacrysts (Sen, 2001).
Cheng et al. (2014) propose that GPB result from large volumes of mafic magma being
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stored at crustal depths, with morphology specific (i.e. size, shape) residence times for
such plagioclase in the Emeishan Large Igneous Province (in SW China) estimated to be
500-10,000 years. Alternatively, Sheth (2016) proposes GPB are the result of plagioclase
accumulation, via floatation, in deep crustal sills (near-Moho), forming anorthositic
layers, where the plagioclase grows over time scales on the order of tens to hundreds of
thousands of years before eventually being remobilized by magma recharge.
In the Deccan Traps, the modal distribution of plagioclase in GPB flows is
significantly variable, which could be attributed to processes like post-emplacement
floatation (Sheth, 20126). Other examples of flood basalt provinces that have GPB are
the Siberian Traps in Russia and the Columbia River Basalt Group in the northwestern
USA. Additional details of these GPB crystallization models are provided below.

Figure 1. Locations of flood basalt provinces worldwide. The CRBG, which contains the study location for
this paper is highlighted with the black box. Modified from Coffin et al., 2006.
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Columbia River Flood Basalt Group
The Columbia River Basalt Group (CRBG) is a continental flood basalt located in
the northwestern USA (fig. 1). As the smallest, youngest, and best exposed flood basalt
province on Earth, the CRBG is a prime location for studying flood basalts (Wolff and
Ramos, 2013). Approximately 210,000 km3 of mainly tholeiitic basalt (Reidel et al.,
2013) erupted across parts of present-day Washington, Oregon, Idaho, and Nevada from
~17 Ma to 6 Ma (Wolff and Ramos, 2013; Moore et al., 2018).
The CRBG is hypothesized to have formed from mantle upwelling that is now
associated with the Yellowstone hot spot (Camp, 2013). Petrological and geochemical
studies indicate that the Columbia River Basalts variably incorporated crustal
components like Phanerozoic arc crust and North American Precambrian cratonic crust
(Wolff and Ramos, 2013).
The CRBG erupted near the 87Sr/86Sr 0.706 and 0.704 isopleths, which mark the
structurally complex boundary where younger accreted terranes to the west abut older
North American craton to the east (fig. 2, Wolff and Ramos, 2013). This junction has
been interpreted as a zone of weaknesses, which thereby allowed CRBG magmas to
ascend and erupt (Wolff et al., 2008; Reidel et al. 2013).
The CRBG is comprised of seven major chemically and physically distinct
formations (Reidel et al., 2013). These formations progress, in general, from the oldest
erupted material in the south to the youngest erupted material in the north (Reidel et al.,
2013a). This is thought to be due to northward migration of magmatic systems feeding
the CRBG over time, the evidence of which is the feeder dikes become progressively
younger northward (fig. 2, Moore et al., 2018). The formations from oldest to youngest
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are the Steens Basalt, the Imnaha Basalt, the Grande Ronde Basalt, the Picture Gorge and
Prineville Basalts, the Wanapum Basalt, and the Saddle Mountains Basalt.

Figure 2. Extent and location of the CRBG and Steens Basalt. Approximate location of Steens Mountain
in SE Oregon outlined by black box. From Moore et al., 2018.

A key feature of flood basalt eruptions, aside from the enormous volumes of
material erupted, is their geologically relatively short eruption duration. The main phase
of CRBG volcanism accounts for 92% of the total erupted volume and includes the
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Steens, Imnaha, Picture Gorge, and Grande Ronde Basalts (fig. 3). The majority of the
main phase of CRBG volcanism erupted within about 1 m.y. (from ~16.8 to 15.6 Ma)
(Reidel et al., 2013), which results in an average eruptive rate of 0.15-0.25 km3 yr-1
(Wolff and Ramos, 2013).

Figure 3. Major formations and subdivisions of the CRBG and their age and erupted volume. From Reidel
et al., 2013.

Aside from location and extent, the CRBG formations are distinguished by
geochemistry, paleomagnetism, superposition, and the presence, or lack, of plagioclase
megacrysts and olivine phenocrysts. Many flows in the CRBG are aphyric to sparsely
phyric; however, several formations in the CRBG are considered GPB because they
contain extremely plagioclase-phyric flows.
The Steens Basalt
Steens Mountain, the type locality for the Steens Basalt, is located in SE Oregon
(fig. 2, Reidel et al., 2013). The Steens Basalt is one of the oldest (17-16.1 Ma) and most
mafic formations of the CRBG (Camp et al., 2013). As one of the oldest members of the
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CRBG, the Steens Basalt represents some of the earliest interaction between the
hypothesized mantle plume source and the crust. The Steens Basalt began erupting from
vents associated with the Steens dike swarm (fig. 2, Wolff and Ramos, 2013) and
ultimately, approximately 31,800 km3 of material was erupted, which is ~15% of the total
estimated erupted CRBG volume (Camp et al., 2012). The Steens basalt at Steens
Mountain, formed as a series of compound lava flows, where each flow can be separated
into distinct units, whereas other CRBG members were emplaced as sheet flows (Reidel
et al., 2013). Isotopic characteristics indicate the source of the Steens Basalt may be a
mixture of melts that originated from two defined mantle sources, Imnaha and Pacific
MORB (Wolff et al., 2008; Wolff and Ramos, 2013).
Based on stratigraphic position, geochemistry, and plagioclase morphology, the
Steens Basalt has been informally subdivided into upper and lower Steens. Recently,
Moore et al. (2018) reported a third subdivision, called lower Steens A that is
stratigraphically below the originally defined “lower Steens”. Thus, the new proposed
stratigraphic order is lower Steens A, lower Steens B, and upper Steens. Both lower B
and upper Steens have large (up to 6 cm) and abundant (up to 40 modal %) plagioclase,
classifying them as GPB. The samples used in this study cover a thickness of 287 m for
lower Steens A, 331 m for lower Steens B, and 655 m for upper Steens (Johnson et al.
(1998), Moore et al. (2018), and Bendaña (2016). Lower Steens A will be briefly
introduced and is represented in most diagrams, but the main focus for this study is lower
Steens B and upper Steens.
Lower Steens A has sparse oxidized weathering horizons, is slightly more
chemically evolved than lower Steens B, and becomes more chemically homogeneous up
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section. These characteristics are attributed to a dominance of fractional crystallization
relative to recharge in the magma storage system associated with lower Steens A (Moore
et al., 2018). Moore et al. (2018) hypothesize the more evolved nature of Lower Steens A
is due to ascent of these magmas through the cool crust, which would favor dominance of
crystallization. Because lower Steens B flows have less abundant oxidized weathering
horizons between flows than the lower Steens A and upper Steens flows (Moore et al.,
2018), the lower Steens B is interpreted to have had a higher eruption rate, which in turn
can be attributed to higher recharge rates in this recharge dominated system. Lower
Steens B is hypothesized to have been dominated by mafic recharge (Moore et al., 2018).
Lower Steens B also has mantle 187Os/ 188Os signatures, and low LILE/HFSE ratios
which Moore et al. (2018) interpreted as evidence that these lavas experienced little to no
contamination from crustal melts. Compared to the lower Steens Basalts, upper Steens
Basalts have more frequent weathering horizons, which could be attributed to a decrease
in recharge rates which would result in lower eruption rates (Moore et al., 2018). More
geochemistry-based interpretations of the dominant magmatic processes that affected
lower and upper Steens will be discussed below.
Steens Whole Rock Data. The lower Steens is, on average, more mafic (3-12 wt.
% MgO, fig. 4A) than the upper Steens (3.1 -7.5 wt. % MgO) (Moore et al., 2018).
Upper Steens lava flows are, thus, on average, more evolved, and overall, more
chemically heterogeneous than the lower Steens (Moore et al., 2018). Steens Basalts are
generally characterized by decreasing MgO content and increasing incompatible trace
element concentrations up section (Moore et al., 2018) so the concentrations of Ba and La
are greater in the more evolved upper Steens compared to the less evolved lower Steens
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B (fig. 4B). Whole-rock barium (Ba) and strontium (Sr) versus MgO (wt. %) (Toth, 2018;
Moore et al., 2018) both show a negative correlation with MgO wt. %.
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Figure 4. Wt.% MgO and Ba with relative stratigraphic position. A.) Whole rock MgO of upper and lower
Steens Basalts with stratigraphic height. In general, lower Steens B has the highest MgO content. B.)
Incompatible trace elements, like barium, are highest in the upper Steens.

It is important to note that analysis by Moore et al. (2018) revealed two distinct
MgO trends for lower Steens B basalt. The first trend exists at higher MgO and the other
is at lower MgO. The interpretation for the high MgO trend is increasing mafic recharge
with minimal crystallization while the magmas stall in the mid to upper crust. The
decrease to lower MgO is hypothesized to be the result of an increase in fractionation
plus mixing of mafic recharge magma and entrained cumulate materials (Moore et al.,
2018). Overall, Moore et al. (2018) interpreted these trends to potentially be the result of
distinct, but related, magma storage histories.
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Whole rock Sr isotope ratios range from 0.70333-0.70415 (fig. 5, Bendana et al.,
2016, Moore et al., 2018). In the lower Steens B specifically, the range in Sr isotope
ratios is 0.70333-0.703880 and the upper Steens range is 0.703801-0.704145 (Moore et
al., 2018, Bendaña et al., 2016).
These data point to some chemical and physical differences between the upper
and lower Steens magma chambers. The lower Steens B type magmatic system, on
average, was less evolved, and dominated by mafic recharge. The average upper Steens
magmatic system was more evolved and was dominated by fractionation and crustal
assimilation (Moore et al., 2018).
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Figure 5. Whole rock Strontium isotope ratios vs. relative stratigraphic position for upper Steens and lower
Steens lavas.

Additionally, there are differences in the phenocryst and groundmass (GM)
phases present in the lower B vs upper Steens Basalts (table 1). Notable differences are
the lack of clinopyroxene phenocrysts in the lower Steens B samples; however, it is
present as a groundmass phase. Lower Steens B groundmass clinopyroxene is usually
anhedral and constitutes 20-40% of the groundmass (Toth, 2018). Up section, there is a
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decrease in olivine phenocrysts and an increase in clinopyroxene phenocrysts (Moore et
al., 2018) such that only upper Steens lavas have phenocrystic clinopyroxene.
Table 1. Lower Steens and upper Steens mineralogy. Note that the term phenocryst is used to denote sizes
typically larger than 0.1 mm, depending on the mineral.

Steens Plagioclase Morphology and Geochemistry. Plagioclase morphology
and textures vary between the upper and lower B Steens. End members morphologies
have been defined by the work of Moore (2018) and Toth (2018). The lower Steens B
basalt is characterized by an endmember morphology called large clustered touching
(CT) plagioclase that have radial morphology (fig. 6A). Also, lower Steens B plagioclase
crystal boundaries are planar and do not exhibit resorption textures, such as truncated
surfaces (Toth, 2018). The upper Steens basalt end member morphology is giant single
isolated (SI) plagioclase laths (fig. 6B), that typically display disequilibrium features like
sieve texture and truncated zoning (Toth, 2018). Both upper and lower Steens B have
plagioclase that are non-end member morphologies (Fig. 6C, 6D; Toth, 2018) which are
called sandwich and glomerocryst. The high modal abundance of plagioclase in the lower
Steens B results from many small crystals and fewer large crystals, whereas the upper
Steens lavas have fewer small crystals and more large crystals (Toth, 2018). For more
details about these morphologies and their distributions, see Toth (2018).
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Figure 6. Plagioclase Morphology. A.) Radial plagioclase morphology with smaller yellowish olivine
crystals from the lower Steens. B.) Large single isolated plagioclase in the upper Steens C.) Sandwich D.).
Glomerocryst. From Toth, 2018.

The average anorthite (An) content of the upper Steens plagioclase, 61.4±6.9, is
slightly less than the average lower Steens B of 66.0±5.7, but the standard deviations
show that the averages are not statistically different. (fig. 7, Toth, 2018). The bulk of the
anorthite contents (78% of the plagioclase) for both upper and lower Steens B plagioclase
is 60-75 (Toth, 2018). According to Toth, this overlap in anorthite content represents a
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narrow range of conditions that are favorable for plagioclase crystallization. Most
plagioclase are unzoned to weakly zoned in major elements (Toth, 2018).

Figure 7. Wt. % MgO vs. anorthite content of plagioclase from lower B and upper Steens lavas. The bulk
of Steens plagioclase An contents is between 60-75 % and the average MgO wt. % of the lower Steens
plagioclase is 0.15± 0.02 and the upper Steens plagioclase is 0.11± 0.12. Data from Toth, 2018.

Barium (Ba), which is interpreted to act incompatibly in the Steens plagioclase,
has higher concentrations in the upper Steens (178 ± 66 ppm) than the lower Steens B (73
± 25 ppm, fig. 8A). The higher trace element concentrations of some of the upper Steens
plagioclase are mirrored by a lower An content (i.e., more evolved). Trace element
zoning is more apparent in the upper Steens than in the lower Steens B plagioclase (Toth,
2018). Upper Steens plagioclase also have a greater range in incompatible trace element
concentrations than lower Steens (fig. 8B).
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Figure 8. A) Plagioclase Ba concentrations vs. plagioclase anorthite contents. B) Ba concentrations vs.
relative stratigraphic position. Note that in general, upper Steens plagioclase has higher concentrations of
Ba and a greater range in Ba concentrations. From Toth, 2018.

Lower Steens B plagioclase overall have lower Sr isotope ratios than the upper
Steens plagioclase (fig. 9), and there is more 87Sr/86Sr zoning in the upper Steens than in
the lower Steens plagioclase; note that within uncertainty, some lower Steens B
31

plagioclase are isotopically unzoned (Toth, 2018). Lower incompatible trace element
concentrations and decreasing Sr isotope ratios in the plagioclase up section for lower
Steens B plagioclase are consistent with little to no crustal input and a system dominated
by recharge (Toth, 2018).

Figure 9. Plagioclase 87Sr/86Sr vs. relative stratigraphic position for selected lower B and upper Steens
lavas. While there is overlap in upper and lower Steens B plagioclase 87Sr/86Sr, some lower Steens crystals
have lower 87Sr/86Sr isotope ratios compared to some upper Steens plagioclase. From Toth, 2018.

In situ Sr isotope data can be used to determine the degree of (dis)equilibrium
between the crystals and the groundmass. Crystals inherit the Sr isotopic ratios from the
melt they grew. Thus, if a crystal and the surrounding groundmass have the same isotopic
ratio, within uncertainty, then a reasonable interpretation is that crystal grew in the melt
surrounding it when it was erupted. Because more crystals in the lower Steens B are
within error of being in isotopic equilibrium with their groundmass, Toth’s (2018)
working hypothesis is that many of the lower Steens B plagioclase grew directly from the
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melt they were erupted with (fig. 10). Also, lower Steens B plagioclase with radial
morphology lack internal zoning in 87Sr/86Sr (Toth, 2018). In contrast, upper Steens
crystals how more disequilibrium between crystal and groundmass, and Toth interpreted
these results to suggest more of the upper Steens plagioclase (or parts of the crystals) are
antecrystic. Decreasing Sr isotopes (blue arrow, fig. 9) is consistent with higher recharge
rates of mantle sourced magmas in the lower Steens and the more radiogenic nature of
some of the upper Steens plagioclase signals higher degrees of crustal assimilation

Figure 10. The difference between plagioclase Sr isotope ratio and adjacent groundmass vs. relative
stratigraphic position. More plagioclase in the lower Steens fall within uncertainty of their groundmass
(blue box) than in the upper Steens (red box). From Toth, 2018.

Magmatic Processes and Trans-crustal Magma-mush Systems
Processes that dominate magmatic differentiation are magma recharge, crustal
assimilation, fractional crystallization, and cumulate entrainment (RAFCE, fig. 11).
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Figure 11. Schematic illustration of a single magma chamber with magmatic processes. Magma recharge
(red arrow) can disrupt cumulates that result from fractional crystallization. Crustal assimilation is depicted
by the fuzzy magma reservoir boundaries. Also shown is olivine + plagioclase cumulate entrainment via
recharge (white arrows). From Louis et al., 2018.

Recharge (R) occurs when magma, of related composition or different
composition, is injected into a resident magma body. Recharge is hypothesized to be one
potential trigger for volcanic eruptions via convection and super saturation of volatiles,
for example, that destabilize the magma (Anderson, 1976; Sigurdsson, 1977). Convection
results in magma mixing or mingling and can potentially disturb cumulate material that
may have formed from the settling of fractionated solids (fig. 11).
Crustal assimilation (A) is the incorporation of foreign crustal material into a
magma body. The transfer of heat from the magma, derived from sensible and latent heat
of crystallization, can cause ambient wallrock to melt, and this melt can be assimilated
into the magma, changing the overall composition. The heated wallrock can also fail as
larger blocks of wallrock, known as stoped material, that gets incorporated into the
magma body.
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Fractional crystallization (FC) is the process by which minerals form from and are
removed from a melt. The order of fractionating phases occurs in a predictable way. As a
magma cools, and phases crystallize and are subsequently removed from the melt, the
remaining melt composition also changes in a predictable way. As the crystalizing phases
are removed, they can settle or buoyantly ascend to the margins of the reservoir,
depending on density of crystals compared to the melt, as well as other factors.
Another significant magma process is cumulate entrainment (E). Cumulates can
form as fractionated solids settle to or crystallize on the margins of the magma chamber,
and, when disturbed, can be entrained into the magma. The term ‘cumulate’ in the
context of this thesis refers to crystals and ‘mush’ refers to crystals + melt.
The phrase ‘magma chamber’ may evoke images of singular high melt-fraction
bodies. However, recent work has focused on importance of understanding magma
evolution over the scale of an entire vertically extensive trans-crustal magma systems
(TCMS, Cashman et al., 2017) as opposed to magma evolution on the scale of a single
molten body. This work has suggested that crustal magma storage systems may actually
persist as frameworks of crystal dominated mushes that have minor interstitial melt
(Cashman et al., 2017) Mush reservoirs could exist at hundreds of degrees cooler than an
eruptible magma, and even at sub-solidus temperatures (Jackson et al., 2018). Because of
the thermal longevity of mushes, they are proposed to exist for long durations (102-105
years) in the mid to upper crust (Cooper and Kent, 2014; Cashman, 2017). The potential
for magma accumulation may even be controlled by the presence of cumulate reservoirs
that make the formation of a melt rich magma chamber at upper crustal depths possible.
These trans-crustal magmatic systems (TCMS, Cashman et al., 2017) would allow for
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melt to accumulate slowly in lenses throughout the crust. These lenses can then
destabilize and rapidly erupt, resulting in low-crystallinity lavas seen at the surface
(Cashman et al., 2017, Jackson et al., 2018). The low melt fraction (<<40% melt) and
interconnectivity of crystal mush networks is thought to ‘lock’ them, making them
uneruptable by themselves (Caricchi and Blundy, 2016; Huber et al., 2011). To be
included in the eruptive material, these crystal mush networks need to be thermally and
mechanically reactivated/remobilized, which could be induced by melting, addition of
volatiles, or rapid melt accumulation (Huber et al., 2011; Bachmann and Bergantz, 2008;
Jackson et al., 2018).
Published Plagioclase Crystallization Models
Studies of the crystallization of abundant plagioclase have concluded that
acquisition of abundant plagioclase chemical components is an essential process in order
to achieve abundant plagioclase crystallization (i.e. cumulate plagioclase entrainment,
Sheth, 2016). As the magma fractionates, plagioclase can accumulate on or grow directly
on the margins of the chamber. Those crystals can be disrupted and entrained by a
recharge event and then can be partially or fully resorbed into the melt. After resorption,
crystallization of the plagioclase is hypothesized to be controlled by degrees of
undercooling (Mollo and Hammer, 2017). Toth (2018) interpreted the differences in
morphologies of the large plagioclase to be a result of different degrees of undercooling
in lower and upper Steens magmas.
Undercooling occurs when a melt cools past a temperature where a certain
mineral would be saturated, but the mineral does not crystallize, and the melt becomes
supersaturated with respect to that mineral’s components (Mollo and Hammer, 2017).
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Degree of undercooling, which impacts nucleation rate, will determine if crystallization
will proceed as a nucleation or growth dominated system (Mollo and Hammer, 2017).
The nucleation rate significantly impacts the distribution of crystals (Mollo and Hammer,
2017). If the initial nucleation rate is high, a nucleation dominated system will exist,
which results in a greater number of small crystals. Alternatively, a low nucleation rate
would result in a growth dominated system where fewer, larger crystals would form
(Mollo and Hammer, 2017).
Sen and colleagues (2006) hypothesized that large, unzoned plagioclase could
potentially grow in a crystallization front or in a conduit. However, they concluded the
conduit environment was unlikely considering the time necessary for large plagioclase
growth relative to the likely lifespan of a dike (Sen et al., 2006). Alternatively, Sheth
(2016) hypothesized that the formation of giant plagioclase is due to long term growth in
deep (near-Moho) crustal sill complexes. Another model for the formation of giant
plagioclase involves plagioclase buoyantly rising and accumulating at the top of the
magma chamber. As magma circulates past the plagioclase, new material for growth is
supplied, and the plagioclase coarsen while maintaining a temperature near their liquidus
(Sen, 2001, Higgins and Chandrasekharam, 2007). This is a diffusion driven process
known as textural coarsening, or Ostwald Ripening (Higgins and Chandrasekharam,
2007). During this process, it is energetically favorable for smaller crystals to resorb,
because they have a large surface area to volume ratio. This would then provide material
that coarsens larger crystals, which minimizes surface area energy.
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Thermodynamic Modelling
In the next few sections, I introduce a thermodynamic modelling tools called the
Magma Chamber Simulator (MCS) including its major element, phase equilibria, and
trace element modelling capabilities. Then I introduce another thermodynamic tool used
in this study called Rhyolite-MELTS and its capabilities
Thermodynamic Modelling Tools: Magma Chamber Simulator. The Magma
Chamber Simulator, a mass and energy constrained thermodynamic model, was used to
iteratively test different magma process-based models that employ entrainment (E),
recharge (R), fractional crystallization (FC), ± crustal assimilation (A) to explain the
genesis, textures, and geochemistry of the abundant plagioclase in the Steens Basalt and
overall geochemical variability within the Steens Basalt. Using the MCS, I varied
thermal, mass, and compositional inputs in order to replicate whole rock and mineral data
and test the hypothesis of cumulate entrainment.
Major Element and Phase Equilibria Modelling using the Magma Chamber
Simulator. Computational modelling is an effective tool to quantify chemical and phase
equilibria evolution in complex magmatic systems. The Magma Chamber Simulator is a
mass and energy-constrained thermodynamic computational model that tracks open and
closed system magmatic processes like recharge, fractional crystallization, cumulate or
mush entrainment, stoping, and crustal assimilation. The MCS builds on the energyconstrained modelling programs called Energy-Constrained Recharge, Assimilation and
Fractional Crystallization (EC-RAFC) (Bohrson and Spera, 2001, 2003, 2007; Spera and
Bohrson, 2001, 2002, 2004) and Rhyolite-MELTS (Ghiorso and Sack, 1995; Gualda et
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al., 2012). Energy constrained (EC) modelling is capable of tracking on the mass,
thermal, and compositional changes a magmatic system undergoes as it is evolves.
Bohrson et al. (2014) combined the capabilities of these computational tools to
produce the MCS, which can be applied to modelling open-system behavior of complex
magmatic systems. The MCS tracks the mass, thermal, major and trace element, isotopic,
and phase equilibria evolution of the magma, wallrock, and recharge subsystems. These
subsystems will be described next.
The inputs for the magma subsystem include a user chosen composition, starting
temperature, temperature decrement, and an ending temperature. The magma subsystem
always has a mass of 100 mass units. The composition of the magma subsystem
represents the bulk composition of a resident magma body and the run initiates at the
liquidus of that composition. The wallrock subsystem inputs include the wallrock
composition, mass, initial temperature, and a “find solidus” start and end temperature
(which are involved in determining the temperature where the wallrock is thermally
primed). The recharge subsystem inputs include a recharge composition, mass,
temperature, and a recharge event trigger temperature, which is the temperature of the
magma at the instance of recharge. The recharge trigger temperature can be set to occur
at a certain temperature (operationally tagged as byTemp in MCS) or after a certain
temperature drop from the liquidus temperature (operationally tagged as byDelta in
MCS).
The MCS runs by incrementally decreasing the temperature of the magma from
the parent magma liquidus temperature while crystals ± fluid are fractionated; see
Bohrson et al. (2014) for details (fig. 12). Recharge and cumulate/mush entrainment
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events can then also be incorporated into the run, where the entrainment event is
mathematically treated as equivalent to a recharge event. The temperature at which
recharge or entrainment occurs is controlled by the user. In this study, a recharge event
was initiated after a certain temperature decrement from the liquidus, with entrainment
following almost immediately (10 °C after), simulating recharge induced entrainment.

Figure 12. MCS run involving the four subsystems: resident magma body (melt), cumulate reservoir
(fractionated crystals), wallrock, and recharge reservoirs. From Bohrson et al., 2014.
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Assimilation is incorporated into the model via energy and mass transfer.
Wallrock heats up from its initial temperature due to enthalpy transfer from cooling and
crystallization of the resident magma (i.e., parent magma) and recharge magma(s).
Before any anatectic melt is transferred to the resident magma body, a critical fraction of
melt must be maintained in the wallrock. This percolation threshold is typically set to
equal 4-12 % (Bohrson et al., 2014). Once the wallrock partially melts and this
percolation threshold is exceeded, anatectic melt is transferred to the magma body and is
homogenized with magma melt. MCS results include the composition, temperature, and
mass of melts, crystals, and fluids that compose contaminated and recharged magma and
residual wallrock. The simulation begins at the liquidus and completes when the magma
and wall rock are in thermal equilibrium.
Trace Element Modelling using the Magma Chamber Simulator. MCS also
has the capability to calculate trace element concentrations as the system differentiates.
Trace element models input includes a MCS major element output sheet, initial
concentrations of each trace element in the magma, wallrock, and recharge subsystems,
partition coefficients of each trace element for every phase present in the magma body
and wallrock (for models that incorporate assimilation), and mineral-fluid partition
coefficients. The output from the MCS trace element calculations includes evolution of
trace element concentrations in the magma, in each mineral phase present, and in the
wallrock melt that forms.
Thermodynamic Modelling Tools: Rhyolite-MELTS
Rhyolite-MELTS (Ghiorso and Sack, 1995; Gualda et al., 2012) is a
thermodynamic computational tool that is capable of tracking phase equilibria and major
41

element differentiation of crystals and liquid as a system undergoes fractional or
equilibrium crystallization. Other data, such as density and viscosity, for solids and melt
are also output (Ghiorso and Sack, 1995; Gualda et al., 2012). Inputs for the simulations
used in this study included a bulk composition, pressure, pressure decrement,
temperature, temperature decrement, and oxygen fugacity. Rhyolite-MELTS can simulate
an isobaric or polybaric system.
WORKING HYPOTHESIS: RECHARGE, CRYSTALLIZATION,
ASSIMILATION, AND CUMULATE ENTRAINMENT.
This section will describe the hypothesis where entrainment of a plagioclase
bearing cumulate was necessary to produce the abundant plagioclase crystallization in the
Steens basalts. First, the previous work discerning this hypothesis is discussed and then
the entrainment hypotheses specific to lower Steens and upper Steens is presented,
including hypotheses proposed by Toth (2018) regarding the kinetics of large plagioclase
crystallization that resulted in the morphological differences between upper and lower
Steens plagioclase.
Louis (2018) determined the Steens magmatic systems to be shallow (0.2-0.4
GPa) and relatively dry (0.5-1 wt. % H2O). Based on in situ data, Toth (2018)
hypothesized that large plagioclase in the Steens Basalt formed as the result of
entrainment of a plagioclase-rich cumulate into these crustal Steens magma bodies. This
hypothesis is bolstered by the work of Louis et al. (2018), who tested a number of
computational models and found that the incorporation of a plagioclase-rich cumulate is
necessary in order to saturate the magma body in plagioclase in the high modal
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abundances observed in the Steens Basalt samples. Moore et al. (2018) showed that
plagioclase bearing cumulates could have formed from fractionation of lower Steens A
magmas (Moore et al., 2018). A recharge event is hypothesized to have disrupted and
entrained settled cumulates (Toth, 2018).
Because of the differences in bulk composition, it is likely that entrained material
reacted differently when entrainment occurred into lower B or upper Steens type
magmas. Toth (2018) hypothesized that the differences in physical and chemical
characteristics of the plagioclase in the upper and lower Steens B Basalt (fig. 13, 15,
Toth, 2018) are the result of these bulk-rock distinctions.
In a lower Steens B magma reservoir, the magmas tend to be more mafic (MgO ≥
7 wt. %, Moore et al., 2018; Bendaña, 2016, Graubard, 2017), and at the hotter
temperatures of these higher MgO magmas, plagioclase is not a stable crystalizing phase
(fig. 13A). A recharge event is hypothesized to disturb cumulate material and entrain it
into lower Steens B magma. In this scenario, plagioclase from the cumulate is predicted
to mostly resorb into the melt, adding abundant plagioclase component to the melt (fig.
13B). Upon cooling, crystallization of abundant new plagioclase is predicted (fig. 13C)
and therefore most of the plagioclase has a phenocrystic origin (Toth, 2018). This
hypothesis is consistent with data that document that lower Steens B plagioclase are
commonly in Sr isotope equilibrium with the groundmass, have lower incompatible trace
element concentrations, consistent with the more mafic character of many lower Steens
magmas, and lack resorption textures.
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Figure 13. Schematic diagram of a lower Steens B type magma chamber. A) Pre-entrainment, plagioclase
is not stable in a melt with MgO wt. % > 7% so plagioclase does not crystalize. B) During recharge, the
entrained material mixes and plagioclase completely resorbs into the melt. C) With cooling, new
plagioclase crystals form in equilibrium with the melt, and thus the plagioclase is interpreted as
phenocrystic (Toth, 2018).
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Whereas most lower Steens plagioclase are in Sr isotopic equilibrium with their
associated groundmass, there are some crystals that are not. Because conditions within
the magma system were likely to be highly heterogeneous, based on these data, cumulate
plagioclase resorption was not always complete. These partially unresorbed crystals
would likely be preserved antecrysts that may have experienced additional growth upon
cooling of the magma.
Toth (2018) interpreted that the giant radial morphologies of the lower Steens B
likely formed as a result of a crystallization front similar to one described by Marsh
(1996). In the crystallization front hypothesis, crystallization is initially promoted near
the margins of the magma chamber where hotter magma is in contact with cooler
wallrock. Because of this high thermal gradient, crystallization would propagate away
from the margins (Marsh, 1996; fig. 14, Toth, 2018). Therefore, there would be greater
proportions of crystals near the margins and a more melt-rich center (Marsh, 1996).
Because the hot magma was in contact with cooler wallrock near the margins, an
environment with a higher degree of undercooling was present. A higher degree of
undercooling results in a nucleation dominated environment as opposed to an
environment favoring continued growth of existing crystals (Sen, 2006). The high modal
abundances of plagioclase in the lower Steens B basalt are characterized by many small
crystals and few large crystals (Toth, 2018). This suggests a higher nucleation rate in the
lower Steens B magma chamber.

45

Figure 14. Schematic diagram that displays a migrating crystallization front from cooler crystal-rich
margins to a warmer melt rich center. Modified from Toth, 2018.

The presence of the lower Steens magmas is hypothesized to have ‘thermally
primed’ the wallrock, which enabled upper Steens magma to assimilate crustal material
(Graubard, 2016, Bendaña, 2016; Moore et al., 2018;). This ‘thermal priming’ would
have removed an undercooled environment since the magma would no longer be in direct
contact with cool wallrock, which created the significant thermal gradient. With no
undercooling, there would be a lower nucleation rate and the magma would shift from a
nucleation dominated environment to a growth dominated system.
Alternatively, since the upper Steens lavas are typically characterized by lower
wt. % MgO (MgO < 7 wt. %), higher concentrations of incompatible trace elements, and
are more radiogenic, Moore et al. (2018) proposed that the magma system had
transitioned from the recharge dominated system in lower Steens B to an assimilation and
fractional crystallization dominated upper Steens (Moore et al., 2018). In an upper Steens
type magma chamber, the magmas cooled to the point of plagioclase saturation (fig.
15A). When the cumulate is disturbed by a recharge event, some entrained and
“magmatic” (i.e., plagioclase that formed in the magma) plagioclase resorbs, whereas
some does not and is therefore preserved as antecrystic material (fig. 15B). Cooling then
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causes some new crystallization as well as coarsening of the preserved antecrysts (fig.
15C, Toth, 2018). This dual model of growth predicts that some plagioclase are in
isotopic equilibrium with adjacent groundmass whereas other plagioclase (or parts of
crystals) are in isotopic disequilibrium with the groundmass. Because the overall
composition of the magma is more evolved, it also predicts higher incompatible trace
element concentrations in upper Steens plagioclase. The resorption textures that have
been documented are therefore interpreted as evidence of partial resorption.
Toth’s hypothesis is that the single isolated plagioclase grew in an upper Steens
magma chamber where thermal convection would enable coarsening of plagioclase
antecrysts. Toth (2018) interpreted that the giant single isolated morphologies of the
upper Steens likely formed as a result of a diffusion driven process known at textural
coarsening, or Ostwald Ripening (Higgins and Chandrasekharam, 2007). In this process,
as magma circulates past the plagioclase, new material for growth is supplied, and the
plagioclase coarsen while maintaining a temperature near their liquidus (Sen, 2001,
Higgins and Chandrasekharam, 2007). The small temperature fluctuations from the
convecting magma would explain the lower abundance of smaller crystals in the upper
Steens because smaller crystals would resorb into the melt and re-grow on the larger
crystals. This textural coarsening model could explain the growth of the giant single
isolated (SI) plagioclase in the upper Steens. Upper Steens lavas are characterized by
lower abundances of smaller crystals and greater amounts of large crystals (Toth, 2018).
Crystallization during this cycle would preferentially occur on the preserved antecrysts
that were not fully resorbed into the upper Steens magma chamber after entrainment
occurred (Toth, 2018).
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Figure 15. Schematic diagram of an upper Steens type magma chamber. A) Pre-entrainment, plagioclase is
predicted to be stable. B) As a result of recharge, the entrained material mixes and plagioclase is partially
resorb into the melt. C) With cooling, plagioclase begins to crystallize on the antecrysts and as new
crystals.
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Thus, our overarching hypothesis is that plagioclase bearing cumulate
entrainment, variable resorption and subsequent crystallization, and changes from a
recharge dominated to assimilation and fractional dominated system produced the
variability in geochemistry and textures of the lower Steens B plagioclase compared to
upper Steens plagioclase (Toth, 2018; Moore et al., 2018). For lower Steens B, entrained
plagioclase completely resorbs, and crystallizes as new crystals. For upper Steens,
entrained and magmatic plagioclase partially resorbs, and with cooling crystallizes on
preserved cores, resulting in an antecrystic + phenocrystic origin (Toth, 2018).
SUMMARY OF WORKING HYPOTHESIS AND STUDY OBJECTIVES
The hypothesis for the origin of large and abundant plagioclase in the lower
Steens B, that we test using MCS modelling (see below), involves three magmatic
processes: 1) entrainment of a plagioclase bearing cumulate, 2) full to partial resorption
of cumulate plagioclase, and 3) cooling and crystallization of new abundant plagioclase.
This scenario would lead to plagioclase with phenocrystic origin that are more likely to
be in Sr isotopic equilibrium with surrounding melt (Toth, 2018).
The hypothesis for the characteristics of the large and abundant plagioclase in the
upper Steens, that we test using MSC modelling, also involves three magmatic processes:
1) entrainment of a plagioclase bearing cumulate, 2) partial resorption of cumulate
plagioclase, and 3) cooling and crystallization of abundant plagioclase with an antecrystic
origin. Thus, these plagioclase are less likely to be in Sr isotopic equilibrium with their
groundmass and they would be more zoned in trace elements (Toth, 2018).
The goals of this study are to use a mass and energy constrained thermodynamic
model called the Magma Chamber Simulator (MCS) to quantify differentiation processes
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involved in the geochemical variability between lower and upper Steens, test the
hypothesis of Toth (2018) where entrainment of a plagioclase bearing cumulate into
Steens magmas produced the abundant plagioclase observed in lower and upper Steens
lavas, and finally, to use the thermodynamic model called Rhyolite-MELTS to better
understand the architecture of the Steens crustal magmatic system that would result in the
observed chemical and phenocryst characteristics of lower and upper Steens.
THERMODYNAMIC MODELLING OVERVIEW
The remaining sections will describe the sensitivity tests employed in this study to
determine the best fit models. The sensitivity tests are divided into two categories based
on the overall objectives. The first section presents sensitivity tests whose goal was to
quantify the magmatic processes that were operating in the Steens Basalt system This
section will describe the magmatic processes that were responsible for abundant
plagioclase formation and geochemical variability between the lower and upper Steens
subsystems (objectives 1 and 2). The second section will focus on sensitivity tests whose
goal was to characterize the architecture of the mid to upper crustal storage and transport
system of the Steens basalt (objective 3).
General Modelling Approach
To address the three study objectives, I ran approximately 321thermodynamic
simulations were run; 220 of these used the MCS and the remaining 101 employed
Rhyolite-MELTS. MCS input variables include initial compositions of parental magma,
recharge magma, wallrock, and entrained mush, as well as masses for each of these
subsystems. Initial temperatures are also required for wallrock, entrained mush and
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recharge magmas. Initial parental magma temperature is the liquidus. The MCS run is
isobaric, where the pressure is user-chosen.
Based on an analysis of MCS results from isobaric models, the need for polybaric
modelling was evident due to major element and phase equilibria mismatch. Because
MCS is an isobaric modelling tool, polybaric modelling was conducted using RhyoliteMELTS (Gualda et al., 2012). Input for the 101 Rhyolite-MELTS models included a bulk
magma composition, pressure, pressure decrement, temperature, and temperature
decrement.
Summary of Published Whole-rock and Plagioclase Data Used in Thermodynamic
Modelling
Part of the goal of these models was to reproduce the whole rock and plagioclase
major and trace element data from Steens basalt samples. Johnson et al. (1998), Moore et
al. (2017), and Bendaña (2016) collected 168 samples from Steens Mountain along
transects that selectively sampled from the base of the lower Steens flows through the
uppermost Steens flows. Subsets of these samples were chosen for whole-rock major and
trace element analysis, thin section documentation, and in situ plagioclase major and
trace element analysis. X-ray Fluorescence (XRF) and inductively-coupled plasma mass
spectrometry (ICPMS) were conducted on samples by Johnson et al. (1998) (re-analyzed
by Wolff et al., 2008), and Bendaña (2016). Using Thermal Ionization Mass
Spectrometry (TIMS), Bendaña (2016) also collected whole rock 87Sr/86Sr data. In situ
major and minor element plagioclase data were collected by Graubard (2016) for the
upper Steens samples and by Moore et al. (2017) for lower Steens plagioclase. Toth
(2018) studied 18 representative samples from upper and lower Steens for petrographic
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analysis, collected additional plagioclase major element data and added new in situ trace
element and Sr isotopic analyses using the electron microprobe, laser ablation
inductively-coupled plasma mass spectrometry, and TIMS, respectively. Toth also (2018)
built on the plagioclase textural descriptions started by Moore et al. (2017).
Criteria Used to Determine Best-fit Models
Because the overarching goal of this study is to replicate, as best as possible,
whole rock and plagioclase major and trace element compositions as well as the
relatively high abundances of plagioclase, “best-fit” models were identified using a
variety of criteria, as enumerated below.
1) Whole-rock major (SiO2, TiO2, Al2O3, FeO*, MgO, CaO, Na2O, and K2O) and
trace element (Ni, Cr, La, Rb, Sr, Zr, Ba, Yb) models that were considered good fits
either bracketed the whole rock data trends or intersected a majority of the data trend for
the lower and upper Steens data sets.
2) Comparison between observed phenocryst phases and modeled phase
assemblage (i.e., olivine and plagioclase for lower Steens models and olivine,
clinopyroxene, and plagioclase for upper Steens models). The absence of clinopyroxene
in lower Steens and presence in upper Steens is key here.
3) Runs that resulted in the greatest plagioclase abundance were preferred over
less abundant runs, since one goal of the models is to understand the high abundance of
Steens plagioclase.
4) Plagioclase in situ geochemical data that includes anorthite contents (An) in the
observed range for the majority of Steens plagioclase (bulk An60-75).
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5) Associated interpretations of the crystallization environment that yielded
plagioclase morphologies. See the Published Plagioclase Crystallization Models in the
Background section for more details.
6) While as many of the above criteria were applied to determine best fit models,
in some cases, model results and whole rock data displayed mismatch. To address this
issue, whole rock data were subdivided into the following categories based on the
plagioclase crystallinity of the samples; aphyric (0-5 % crystals) and phyric (> 5%
crystals) (fig. 16). Aphyric whole rock samples are plotted as open symbols and phyric
samples are plotted with filled in symbols. This distinction is significant because MCS
output quantifies the chemical evolution of the melt present in the system, and this output
is compared to whole rock data. Samples that are highly plagioclase phyric or have
significant other crystal populations (e.g., Fe-Ti oxides) may display mismatch from the
modeled melt trend because of the presence of crystals, whereas aphyric samples would
theoretically have a better match to the MCS melt trend. In order to illustrate how crystal
addition would impact major element trends, in some cases, an average mineral
composition (e.g., plagioclase) was quantitatively added to the MCS melt compositions to
assess if the model fit improved.
MCS Initial Conditions
The character of the parent magma and the most likely pressure of the Steens
magma system were initially chosen based on previous work. The chosen parent magma
composition was NMSB18, an aphyric, magnesian (~10.9 wt. % MgO) basalt from lower
Steens B (fig. 16) (Louis, 2016; Graubard, 2016; Moore, 2018). Rhyolite-MELTS
modelling by Louis (2016) determined that a relatively dry (0.5-1% H2O in the parent
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magma) and shallow (0.5-1 kbar) magmatic system was initially a good fit for some of
the major elements. Modelling results by Louis (2016) precluded higher water contents
because orthopyroxene (opx) crystallizes before feldspar, and no orthopyroxene is
observed in the lavas. Best fit oxygen fugacity conditions were determined to be QFM to
QFM-1 by Moore et al. (2018) and QFM-1 to QFM+2 by Graubard (2016).

Figure 16. Total alkalies-silica diagram for the lower and upper Steens samples and the wallrock
compositions used in this study. Wallrock compositions approximated from the Huntington formation
(Tumpane, 2010). The composition used as the parent (NMSB18) is plotted with a black plus sign,
wallrock is depicted by black and grey symbols, and the whole rock data are plotted with the colored
symbols. Data from Moore (2018), Bendaña (2016), and Johnson (1998). See text for additional discussion.

Introduction to MCS Sensitivity Tests
Sensitivity tests focused on important input parameters (e.g., mass of recharge,
composition of entrained cumulate), whereby, a range of parameter values were modeled,
and each model result was qualitatively evaluated relative to observations to determine
the best-fit model(s). These sensitivity tests, which are described below for lower and
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upper Steens, focus on reproducing major elements oxide trends of lower Steens lavas
and replicating characteristics (Sr isotopic equilibrium for majority of lower Steens
plagioclase) and major element compositions of lower Steens plagioclase. Sensitivity
tests were iterative, in that, once certain criteria were determined to be a good fit, they
were used in subsequent models. The first parameters tested in the sensitivity tests were
the magma system conditions including parent magma water content, system pressure,
and oxygen fugacity (table 2).
Table 2. Summary of MCS Sensitivity Tests Run for Lower and Upper Steens
Function
Number of runs
Pressure (kbar)
Cumulate
Compositions
Tested
Recharge mass (R1)
(mass units)
byDelta
Entrainment mass
(R2) (mass units)
% liquid in
cumulate
wt. % H2O in
cumulate

RFCE
145
0.5-5
Plagioclase rich to
plagioclase poor gabbro
and anorthosite

RAFCE
75
0.5-4
Plagioclase rich to plagioclase poor
gabbro and anorthosite

25-500

25-500

25-75

25-170

25-500

25-500

20-40

20-30

0.003-3

0.003-2

Basalt
Trachyandesite
--Basaltic Trachyandesite
Dacite
Trachybasalt
fmzero
--0.04-0.08
Mass of the initial magma system (M) always set to 100 mass units
MCS runs as an isobaric system
Wallrock compositions from Tumpane, 2010
Wallrock
Compositions
Tested

Sensitivity modelling then focused on reproducing lower and upper Steens data.
Among the key parameters is the composition of the hypothesized entrained cumulate.
Gabbroic and anorthositic cumulates were calculated from fractionation of the parent
magma; thus, they represent the compositions of minerals fractionated by the parent
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magma. Either gabbro or anorthosite, produced via modelling, was entrained into the
lower and upper Steens type magmas after recharge of parent magma. Additional
sensitivity tests were done to determine the water content of the cumulate. The initial
models were done in isobaric conditions. Imperfect best fit models highlighted the need
for additional modelling, and thus a stage of polybaric modelling was completed.
MODEL CONSTRAINTS AND RESULTS
Model constraint and results for lower and upper Steens are presented below.
Best-fit models input and results from MCS can be found in the Electronic Appendices.
Lower Steens Magmatic System Model Constraints and Results
Lower Steens lavas typically have lower incompatible trace element
concentrations, lower Sr isotope ratios, and 187Os/ 188Os signatures that suggest crustal
assimilation had a minor or, more likely, a negligible influence on the lower Steens
magma system. Instead, this system is hypothesized to be dominated by mafic recharge
and fractional crystallization (Moore et al., 2018; Toth, 2018). Toth (2018) hypothesized
that entrainment of a plagioclase-bearing cumulate was necessary to yield the variable
characteristics observed in lower Steens plagioclase. In addition, Louis (2018) tested
initial MCS models to assess magmatic processes that produce abundant plagioclase and
from these models developed a hypothesis that also suggested entrainment of a
plagioclase-rich cumulate occurred.
Because of this, I focused the lower Steens MCS modelling on the processes of
Recharge, Fractional Crystallization, and Entrainment of plagioclase-rich cumulate
(RFCE). The lower Steens lavas are hypothesized to have been affected by higher
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recharge rates, which acted as a catalyst for entrainment of a plagioclase-bearing
cumulate, and thus my MCS models include recharge. All MCS runs modeled fractional
crystallization of a parent magma. After some fractionation (25 °C from the parent
magma’s liquidus), a recharge event occurs, closely followed by entrainment. After the
recharge and entrainment event, the magma reequilibrates and continues to fractionate
until it reaches its solidus or a user defined end temperature.
RFCE major element model success was initially assessed based on four criteria:
1) the wt. % MgO after entrainment needed to be sufficiently high (wt. % MgO ≥ 8) to
reflect the generally mafic character of the lower Steens, 2) the An content of the
plagioclase was targeted to be within the analyzed range for the majority of Steens basalt
plagioclase (bulk An60-75), 3) the model needed to result in partial to full resorption (80100% resorption) of plagioclase in order to replicate the bulk of lower Steens plagioclase
compositional characteristics and textures, and (4) model results also needed to reproduce
lower Steens phenocryst assemblage of olivine + plagioclase (Bendaña, 2016, Toth,
2018).
Sensitivity Tests for Lower Steens
To define the best-fit models for the lower Steens basalts, sensitivity tests were
conducted for pressure (isobaric), mass, temperature and composition of entrained
cumulate, and mass of recharge. In each of these, one input was changed while all other
input was held constant. This procedure allows documentation of the sensitivity of the
models to particular input. The results of these tests are reported below, and a summary
of all sensitivity results can be found in electronic Appendix B. The final outcome of this
process is a set of best-fit models that form the basis for my interpretations of the
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dominant processes that influenced lower Steens magmas and governed the formation of
the lower Steens GPB.
Cumulate composition sensitivity analysis. Two main cumulate compositions
were tested (table 3). The first cumulate composition was a gabbro because fractional
crystallization of a Steens parental basalt typically yields a gabbroic cumulate (Louis,
2016; Graubard, 2016, Moore, 2818). Based on the work of these authors, the gabbroic
cumulate sensitivity tests were initially tested at 1 kb, QFM, and 1 wt. % initial parent
magma H2O. Discussion of the second cumulate composition, an anorthosite, is delayed
to another section.
Table 3. Inputs for amount of plagioclase in gabbroic cumulate sensitivity tests. In this table and the rest
following, bolded parameter shows the range of cumulate compositions tested for the gabbroic cumulate.
All other, un-bolded parameters were kept constant.
Function
Gabbroic Cumulate
composition
oxygen fugacity

Input
Plagioclase rich to
plagioclase poor gabbro
QFM

Pressure

1 kbar

Recharge mass (R1)
(mass units)
R1 byDelta
Entrainment mass (R2)
(mass units)
Temperature of
entrained material (°C)
wt. % H2O in cumulate

100
25
100
1156
0.003

Three representative gabbroic cumulate compositions were considered:
plagioclase rich (44 modal % plagioclase:), medium (39 modal % plagioclase), and
plagioclase poor (32 modal % plagioclase:); as noted, these reflect a range of gabbroic
cumulates produced during fractionation of Steens parent magmas (table 4). These
compositions were calculated from the same bulk cumulate composition, which formed
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as a result of fractionation of the Steens parent magma used in this study and represent
different down temperature compositions (i.e., the plagioclase rich cumulate composition
is the farthest down temperature).
Table 4. Bulk compositions of the gabbroic cumulates used in MCS modelling. The % at the end of the
table stands for plagioclase Modal % in each composition. Cumulate % abbreviations: R, plagioclase
Rich; M, plagioclase medium; P, plagioclase poor.

R
M
P

SiO2
43.1
42.7
42.8

TiO2
2.22
2.26
1.92

Al2O3
15.1
14.5
13.3

FeO*
13.2
13.0
12.0

MnO
0.14
0.11
0.10

MgO
12.9
14.0
16.5

CaO
11.6
11.8
12.0

Na2O
1.49
1.26
0.98

K2O
0.03
0.02
0.02

P2O5
0.06
0.06
0.06

H2O
0.003
0.003
0.003

(%)
44
39
32

MCS models that utilized these three gabbro compositions yielded resorption of
between 75% and 80 % entrained plagioclase. (recall that for the MgO-rich lower Steens
magmas, plagioclase was not a liquidus phase). Entrained cumulate compositions with
medium and high plagioclase abundance resulted in plagioclase crystals with An contents
in the range observed in Steens Basalt plagioclase (73 and 71, respectively). In contrast,
the cumulate composition with a low amount of plagioclase resulted in plagioclase just
outside of the bulk range of observed anorthite contents (An=76). The modal percent of
plagioclase in the cumulate did not have a significant impact on the fit for the whole rock
major element trends (fig. 17); MgO (wt. %) after entrainment of the low, medium, and
high amount of plagioclase in the cumulate are 8.2, 8.0, and 7.9, respectively.
The cumulate composition with the largest amount of plagioclase resulted in the
greatest amount of plagioclase crystallizing post entrainment and resulted in full
clinopyroxene resorption, which is consistent with a lack of phenocrystic clinopyroxene
observed in lower Steens basalts. However, with 10 °C of cooling, clinopyroxene began
crystallizing again. For the low and medium plagioclase cumulate compositions, 71100% of the clinopyroxene resorbed, respectively, with clinopyroxene reappearing after
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only 5 °C of cooling. The best fit model is therefore interpreted to be the RFCE model
that involves the plagioclase rich gabbroic cumulate because it produces the largest
amount of plagioclase.

ENTRAINMENT COMPOSITION

Start

End

Figure 17. Major element oxide diagrams for the sensitivity test of the amount of plagioclase in the
gabbroic cumulate. High, Medium, and Low Plagioclase Abundance in Gabbroic Cumulate RFCE results
shown, where each symbol represents 5-degree temperature drop. Steens whole-rock data from Johnson et
al. (1998), Bendaña (2016), and Moore et al. (2018). On the FeO* diagram, the ‘Start’ and ‘End’ show
which side of the trend is the beginning of the MCS run, and which is the end of the MCS run. For all
subsequent diagrams, the run overall progresses from higher MgO towards lower MgO. The small circles
represent the fractional crystallization trend (FC) as a reference trend. Where some trends overlap there
appears to be a different symbol, but this is just an artifact of the overlap.

Because H2O content can impact plagioclase stability, this initial best fit model
(plagioclase rich gabbro) was then tested with variable water contents, ranging from
0.003 (i.e., essentially anhydrous) to 2 wt. %. Changing the water content in the cumulate
did not have a significant effect on most of the major element trends, but, with higher
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water contents, the wt. % MgO in the melt post entrainment was higher (fig. 18).
However, higher melt H2O contents lead to plagioclase that was too An rich compared to
the observed plagioclase. Thus, despite the higher MgO result, the lowest wt. % H2O
model is considered the best fit model. Additional sensitivity tests that follow build upon

Wt. % H2O in cumulate

these results and use the low wt. % H2O, plagioclase-rich gabbroic cumulate.

Figure 18. Major element oxide diagrams showing the results of increasing the water content in the
gabbroic cumulate composition.

Temperature of entrained material sensitivity analysis. The magma to
cumulate rheologic transition occurs over an interval of approximately 50-65% crystal
content (Dufek and Bachman, 2010). In order to investigate the sensitivity of the model
outcomes to the physical (melt + crystals) state of the entrained material, different
proportions of solid to liquid in the cumulate were tested, ranging from approximately
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90-60% solids in the cumulate. This corresponds to a temperature range in the entrained
material from 1080º C to 1180ºC respectively (table 5). The highest wt. % MgO in the
resulting melt was achieved when the entrained material temperature was high (1156º C 1180º C) and the higher temperatures also resulted in more plagioclase resorption (upon
entrainment). Changing the temperature of entrained material does not have a significant
impact on the major elements, but as noted, a greater proportion of melt in the cumulate
(i.e., higher temperature) does increase the wt. % MgO in the magma melt, post
entrainment, because more clinopyroxene also resorbed. The best fit scenario includes a
physically plausible solid to liquid proportions to be considered a cumulate/mush and a
relatively high wt. % MgO after the recharge and entrainment events. Thus, my
interpretation of this part of the sensitivity analysis led me to choose best fit models
where the entrained material was typically approximately 30-20% liquid and 70-80%
solid.
Table 5. Input for MCS models that assessed the sensitivity of the entrained material temperature.
Function

Input

Gabbroic Cumulate
composition

Plagioclase rich

oxygen fugacity

QFM

Pressure

1 kbar

Recharge mass (mass
units)

100

byDelta

25

Entrainment mass (mass
units)

100

Temperature of
entrained material
(°C)

1080-1180

wt. % H2O in cumulate

0.003
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Recharge mass sensitivity analysis. The mass of the recharge event, which
occurred as a model step before entrainment, was varied from 25 to 500 mass units (table
6). Recall that the initial mass of the magma body is always 100 mass units. This
recharge event was closely followed by an entrainment event that was a consistent 100
mass units as well.
Table 6. Input for MCS models that assessed sensitivity of the system to a change in the recharge magma
mass.
Function
Gabbroic Cumulate
composition
oxygen fugacity
Pressure
Recharge mass (R1)
(mass units)
R1 byDelta
Entrainment mass (R2)
(mass units)

Input
Plagioclase rich
QFM
1 kbar
25-500
25
100

% liquid in cumulate

20

wt. % H2O in cumulate

0.003

There is less of an impact on the major elements by changing the mass of
recharge compared to changing the entrainment mass. Results of sensitivity tests for
recharge masses that varied from 100 mass units to 300 mass units are displayed below
(fig. 19); models with 400 and greater mass units of recharge magma are not presented
because clinopyroxene and plagioclase crystalize at the same temperature step, which is
inconsistent with the observed lower Steens phase assemblage that lacks phenocrystic
clinopyroxene. When the mass of recharge was greater than the mass of entrainment, the
amount of plagioclase resorption increased and the wt. % MgO of the magma melt, post
entrainment was higher than 8, which is sufficiently high enough to meet the initial
requirements. When the mass of entrainment and recharge were both 100 mass units, the
wt. % MgO after the recharge and entrainment event was less than 8. When recharge
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mass is less than 100 mass units, there was less than 80% plagioclase resorption. This
outcome was rejected because most of the lower Steens plagioclase show chemical and
textural evidence of forming from a lower Steens-like magma (i.e. lower incompatible
trace element concentrations, more plagioclase in Sr isotopic equilibrium) rather than
being antecrystic (i.e., formed in a cumulate where plagioclase was part of a typical
liquid line of descent). Varying the recharge mass has the greatest effect on
clinopyroxene and plagioclase behavior because when the recharge mass is large enough,

RECHARGE
both clinopyroxene and plagioclase fully resorb and then crystallize with
cooling. MASS

Figure 19. Major element oxide diagrams showing the results of recharge mass sensitivity tests.
R1=Recharge magma mass, R2= Entrained cumulate mass.

To achieve partial to full plagioclase resorption (80-100%), model results suggest
that the mass of recharge needs to be greater than the mass of entrained cumulate (at least
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1.5 times greater). Larger recharge masses (e.g., 300-500) compared to smaller (100 mass
units) suppress plagioclase and clinopyroxene crystallization post recharge and
entrainment. Full plagioclase resorption, followed by abundant crystallization is
necessary to produce the geochemistry of most of the plagioclase documented in lower
Steens (Toth, 2018). Increasing the mass of recharge also resulted in full clinopyroxene
resorption, but clinopyroxene recrystallizes 5-10 degrees-C of cooling after plagioclase.
This return of clinopyroxene to the crystallizing assemblage is further discussed below.
Entrainment mass sensitivity analysis. The mass of entrained cumulate was
varied from 25 to 500 mass units (table 7), while the recharge mass was kept constant at
100 mass units.
Table 7. Input for MCS models that assessed sensitivity to changes in the entrained cumulate mass.
Function
Gabbroic Cumulate
composition
oxygen fugacity
Pressure
Recharge mass (R1)
(mass units)
R1 byDelta
Entrainment mass
(R2) (mass units)
% liquid in cumulate
wt. % H2O in
cumulate

Input
Plagioclase rich
QFM
1 kbar
100
25
25-500
20
0.003

Results for 100 mass units to 300 mass units are shown in Figure 20. Runs that
had greater masses of entrainment (i.e., 300 mass units vs. 100 mass units) resulted in
increasingly worse fits for the whole rock data for lower Steens (fig. 20). As the mass of
entrainment was increased, the runs also failed to reproduce the observed lower Steens
phase assemblage, because clinopyroxene was present. MCS runs where the mass of
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entrainment was greater than the mass of recharge did not result in wt. % MgO that was
high enough to represent the most magnesian whole-rock samples of the lower Steens
and never resulted in full plagioclase resorption. Because higher entrainment masses are
not a good fit for the lower Steens whole rock data, my interpretation is that 100 mass
units of entrainment provide the best fit in terms of major oxide match and representation
of the lower Steens plagioclase characteristics.

ENTRAINMENT MASS

Figure 20. Selected major element oxide diagrams that display the effect of increased mass of entrained
material. R1=Recharge magma mass, R2= Entrained cumulate mass.

Runs with very low entrainment masses (i.e. 25 mass units) resulted in MgO (wt.
%) of 9.2 and full plagioclase resorption; however, there was less plagioclase that
crystallized subsequent to recharge and entrainment (53 mass units plagioclase out of 225
mass units in magma chamber system) compared to higher masses of entrainment (i.e.
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100 mass units) where there was more plagioclase that crystallized subsequent to
recharge and entrainment (84 mass units plagioclase out of 300 mass units in magma
chamber system) with an MgO (wt. %) of 7.9.
Isobaric pressure sensitivity analysis. Isobaric pressure sensitivity tests at 1-5
kbar were conducted using the MCS, which runs as an isobaric model only. Each
cumulate composition was calculated at the pressure corresponding to the system
pressure of each run, and each also used the plagioclase-rich and H2O (wt. %)-poor
cumulate. The temperature of the entrained material varies at each pressure but
corresponds to a cumulate that is 80% solid and 20% liquid (table 8).
Table 8. Inputs for isobaric sensitivity tests
Function
Gabbroic Cumulate
composition
oxygen fugacity

Input
Plagioclase
rich
QFM

Pressure (kbar)

1-5

Recharge mass (R1)
(mass units)

100

R1 byDelta

25

Entrainment mass (R2)
(mass units)
% liquid in cumulate
wt. % H2O in
cumulate

100
20
0.003

At deeper pressures (i.e., 4-5 kbar), entrainment of a gabbroic cumulate results in
clinopyroxene partially resorbing and feldspar fully resorbing. However, with cooling,
clinopyroxene crystallizes before plagioclase. At shallower pressures (i.e., 1 kbar),
feldspar partially resorbs and clinopyroxene fully resorbs. However, the clinopyroxene
follows plagioclase crystallization after only 5-10 degrees-C of cooling. The lack of
observed phenocrystic clinopyroxene thus suggests that eruption would need to occur in
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this small pressure window, and while possible, seems very unlikely. The crystallization
of clinopyroxene in all of these isobaric models, therefore, suggests that simple
entrainment in an isobaric magma body does not explain the lower Steens environment
for abundant plagioclase formation because the resulting phase assembly does not match
the observed assembly. The post-entrainment crystallization of clinopyroxene after 5 to
10 degrees-C of cooling suggests the possibility that another type of cumulate was being
entrained—one with more plagioclase and less clinopyroxene. Below, I review the
outcomes of isobaric models that entrain an anorthositic cumulate.
An anorthositic cumulate was made by fractionating the parent magma at
different pressures and using the average plagioclase, olivine, and clinopyroxene
compositions of the fractionating assemblage to calculate a theoretical cumulate
composition comprised of 80% plagioclase, 10% olivine, and 10% clinopyroxene. Water
content in the anorthosite was varied from 0 wt. % - 0.5 wt. %. When the wt. % H2O in
the cumulate was increased, orthopyroxene crystallized, so like the gabbroic cumulate,
low water contents were deemed best for an anorthositic cumulate as well (table 9).
Table 9. Input for the anorthositic cumulate entrainment and isobaric pressure sensitivity tests
Function

Input

Anorthosite

80% Plag, 10%
Olivine 10% cpx

oxygen fugacity

QFM

Pressure

5-1 kbar

Recharge mass (R1)
(mass units)

100

byDelta

25

Entrainment mass
(R2) (mass units)

100

% liquid in
cumulate

20
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Reasonable pressures for entrainment using an anorthositic cumulate were also
tested. Cumulate compositions were calculated at different pressures and then entrained
at those pressures, after a recharge event (as described above). The magma fractionates
25ºC before the recharge and entrainment events occur. At deeper pressures (i.e. 4 kbar),
both clinopyroxene and plagioclase from the cumulate partially to fully resorb
(depending on the recharge mass) and, upon cooling of the melt formed by RFCE,
clinopyroxene crystallizes before plagioclase.
The anorthite content of the plagioclase that begins to form immediately after
entrainment is 78 and the melt MgO content (wt. %) is 8.19. At shallower pressures (i.e.,
1 kbar), there is full to partial resorption of plagioclase and full resorption of
clinopyroxene. Post entrainment, the anorthite content of the plagioclase is 81 and melt
MgO content (wt. %) is 8.2 With anorthositic cumulate entrainment, clinopyroxene
begins to crystallize again after 25-30 °C of cooling, which is a larger window than the
gabbroic cumulate, but one which may still be too small for eruption to occur. For both
the gabbroic and anorthositic cumulates at these variable pressures there is good major
element fit (fig. 21), but the window for eruption of magmas that lack phenocrystic
clinopyroxene is small. While it is possible that some lower Steens eruptions occurred in
this window, it seems unlikely. Additional sensitivity tests were run for polybaric
conditions, both to address the lack of phenocrystic clinopyroxene and also to reflect the
changes in magma characteristics (e.g., major elements and phase equilibria) during
ascent. These are reported after upper Steens isobaric models are discussed.

69

Figure 21. Major element oxide diagrams showing the results of tests including isobaric RFCE results for
an anorthositic and gabbroic cumulate at 1 kbar and 4 kbar.

Summary of recharge fractional crystallization and entrainment models for
lower Steens. RFCE models are focused on providing quantitative constraints on
conditions that reproduce the phenocrystic phase assemblage (olivine + plagioclase),
explain the lack phenocrystic clinopyroxene, explain the relatively high abundance of
plagioclase in lower Steens basalt GPBs, and reproduce the relatively mafic whole-rock
compositions (e.g., > 8 wt. % MgO). Based on sensitivity assessments of entrained
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cumulate composition, pressure(s), masses of entrained and recharge materials, and
temperature of entrained material (i.e., relative proportions of melt + crystals in entrained
material) the following parameters resulted in the best fit for the lower Steens (table 10).
Table 10. Outcomes of lower Steens sensitivity tests.
Function
Number of runs

RFCE
145

Best Fit RFCE

0.5-5

Range of pressures
captures major
elements

GabbroicAnorthositic

Anorthosite/ high
plagioclase Gabbro

25-500

200-300

Recharge byDelta

25-75

25

Entrainment mass
(R2) (mass units)

25-500

100

1080-1180

Temperature that
corresponds to 20%
liquid, 80% solids in
cumulate/mush

Pressure (kbar)
Cumulate
Compositions
Tested
Recharge mass
(R1) (mass units)

Temperature of
entrained material
(°C)

Lower Steens implications
Pressure sensitivity needs
additional tests to better
represent lower Steens
characteristics
Variable cumulate
compositions present in the
crust
Results in partial to full
plagioclase resorption
Results in higher wt. % MgO
post entrainment compared to
greater byDelta values.
Entrainment occurs 2 degrees-C
of cooling later
Compared to lower masses,
increases amount of plagioclase
in system but still results in full
plagioclase resorption and
better major element fit.
Results in a physically
plausible proportion of liquid to
solid in the cumulate/mush

Plagioclase An contents
replicated with low water
contents in the cumulate
Mass of the initial magma system (M) always set to 100 mass units
MCS runs as an isobaric system
wt. % H2O in
cumulate

0.003-3

0.003

First, a cumulate composition (gabbroic or anorthositic) with low water contents,
which is made of approximately 20% liquid and 80% solids, results in the most
plagioclase crystallizing in the system. The main controls on plagioclase resorption,
which is interpreted to be necessary to reproduce the phenocrystic nature of the
plagioclase in lower Steens (and clinopyroxene resorption), are pressure and amount of
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recharge relative to entrainment. At deeper pressures, less plagioclase crystallizes in the
cumulate assemblage compared to shallower pressures, and the cumulate plagioclase is
more likely to fully resorb after entrainment. Deeper pressures also yield good major
element fit. Greater proportions of recharge to entrainment, regardless of pressure, result
in full plagioclase resorption (i.e., 200-300 mass units recharge followed by 100 mass
units entrainment). Regardless of pressure, using the anorthositic cumulate results in
more plagioclase crystallizing (after it resorbs) than using the gabbroic cumulate.
These best fit conditions yield models that describe a midcrustal (4-5 kbar) system
where, following recharge and entrainment, partial to full plagioclase resorption is
followed by new crystallization, resulting in phenocrystic plagioclase. This outcome is
consistent with the observations made by Toth (2018) that the majority of lower Steens
plagioclase are in Sr isotope equilibrium with their groundmass and have lower
incompatible trace elements (and this are more likely to have crystallized from a more
mafic magmas like those that characterize lower Steens). While these models were good
fits for most the major elements, there were no models that resulted in a final phase
assemblage of just olivine and plagioclase. All models resulted in clinopyroxene
crystallizing in addition to olivine and plagioclase. Therefore, more sensitivity tests must
be done to explain the mismatch in the phase assembly. The next section will discuss
upper Steens isobaric sensitivity tests and then additional polybaric sensitivity tests will
be presented.
Upper Steens Magmatic System Model Constraints and Results
Upper Steens samples typically are more evolved, have higher concentrations of
incompatible trace elements, and are more radiogenic in Sr isotopes than lower Steens.
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Consistent with these data, upper Steens magmas are hypothesized to have experienced
lower rates of mafic recharge with greater input from assimilated wallrock and more
crystal fractionation. Because of this, the modelling strategy focused on the processes of
Recharge-Assimilation-Fractional Crystallization-Entrainment (RAFCE). RFCE models
that met the initial lower Steens modelling criteria were used as the initial best fit
conditions.
Upper Steens plagioclase are more commonly zoned and are less commonly in Sr
isotopic equilibrium with their groundmass. In addition, trace element analyses indicate
that many upper Steens plagioclase have higher incompatible trace element
concentrations, suggesting that the crystals formed from a more evolved magma than
many of those documented in lower Steens flows. Finally, the crystals tend to be isolated
single crystals rather than radial clusters. These data combine to suggest that upper Steens
plagioclase crystals have both antecrystic (cumulate) and phenocrystic (grew in upper
Steens melt) origins (Toth, 2018). Model results therefore must exhibit partial resorption
of entrained plagioclase (less than or equal to 80% resorption) in order to explain these
observations. The model results also needed to reproduce the upper Steens phenocryst
assemblage of olivine, plagioclase, and clinopyroxene as well as the lower MgO contents.
For the initial upper Steens models, the parent magma, NMSB18, started at its
liquidus temperature and then was fractionated ~20 degrees-C at 4 kbar. This first step
recognized that, like lower Steens, a parent magma likely stalled for some period in a
midcrustal magma body. Previous work on upper Steens suggests that much of the
magma evolution likely occurred at shallower pressures (Graubard, 2016; Louis, 2018)
and thus this slightly fractionated magma composition was then modeled at 1 kbar. In this
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upper crustal magma storage zone, magma fractionated, forming cumulates. Like lower
Steens, recharge is hypothesized to disrupt this cumulate, which results in entrainment.
The range of MgO and the variability of whole-rock Sr isotopes further suggest that
fractionation and crustal assimilation also affected the magma compositions.
Sensitivity tests performed to find the best fit upper Steens models include tests
on the wallrock composition, recharge mass and the order of events of recharge and
entrainment relative to assimilation, percolation threshold, initial wallrock temperature,
and pressure (isobaric).
Wallrock composition sensitivity analysis. Wallrock compositions that were
tested ranged from basaltic trachyandesite to trachydacite and were estimated from the
composition of the Huntington formation (Tumpane, 2010) (table 11). Each wallrock
composition was tested with 100 mass units for the wallrock subsystem. For each
wallrock composition, the other system inputs were kept constant (table 12).
Table 11. Wallrock major element compositions used in this study (Tumpane, 2010). The mass of feldspar
in the magma at the end of the run using each wallrock composition is shown at the bottom of the table.

SiO2
TiO2
Al2O3

99AQ-02
(BasalticAndesite)
53.37
0.758
20.40

Fe2O3
FeO
MnO
MgO

1.375
7.320
0.449
5.125

1.313
6.239
0.00
7.18

0.970
4.242
0.172
1.504

1.815
9.209
0.00
4.806

1.137
6.098
0.150
2.992

0.736
3.253
0.150
1.189

0.881
4.582
0.090
1.714

1.166
6.784
0.180
3.433

1.137
6.098
0.150
2.992

CaO
Na2O
K2O
P2O5

3.760
6.364
0.898
0.080

9.66
3.27
1.83
0.140

1.801
6.139
4.070
0.278

7.585
3.675
0.477
0.497

2.980
3.211
4.242
0.150

1.181
6.991
2.066
0.140

0.961
4.353
5.153
0.070

1.128
6.067
2.854
0.170

2.980
3.211
4.242
0.150

H2O

0.100

0.100

0.239

0.993

0.101

0.250

0.100

0.100

0.101

Mass
Feldspar

45.8
45.8
385

29.0
29
370

47.4

48.2

50.3
50.3
396

59.7
59.7
401

70.0
70
422

48.3
48.3
401

Oxide
(wt. %)

&

feldspar
System at
Mass
end
(g)

99AQ-05
(Basalt)

99AQ-06
(Dacite)

51.50
0.861
17.89

65.55
0.814
14.22

99AQ-07
(BasalticAndesite)
55.79
1.162
13.99

47.4
424

99AQ-08
(Andesite)

99AQ-09
(Dacite)

99AQ-12
(Andesite)

59.22
0.940
18.78

66.48
0.569
17.00

57.95
0.439
23.71

32.9

32.9

48.2

379

402
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99AQ-14
99AQ-16
(Basaltic(Trachyandesite)
Andesite)
55.86
59.22
0.888
0.940
21.37
18.78

Table 12. Inputs for the wallrock composition sensitivity test.
Function

Input

Gabbroic Cumulate composition

Plagioclase rich

Oxygen fugacity

QFM

Pressure

1 kbar

Recharge mass (R1) (mass units)

150

R1 byDelta

150

Entrainment mass (R2) (mass
units)
Temperature of entrained
material (°C)

100
1156

Fmzero

0.06

Wallrock composition

Trachyandesite
Basaltic Trachyandesite
Dacite
Trachybasalt

The six most successful wallrock compositions are plotted in the major element
oxide diagrams below (fig. 22). In each of these runs, assimilation began before the
recharge and entrainment events. If recharge acted as an eruption trigger, then
assimilation would preferably occur before the recharge event in these models. While
there are multiple wallrock compositions that resulted in good fits for the data, the
wallrock compositions that produced the best fit major element models are a
trachyandesite (99AQ-16) and basaltic trachyandesite (99AQ-14). Some wallrock
compositions have anomalously low wt. % K2O (i.e. 0.477), and those did not produce
good fit for that oxide. These were rejected as possible wallrock compositions.
Post entrainment, there was partial plagioclase resorption, followed by plagioclase
crystallization with cooling. The inputs in table 12 using the wallrock composition
99AQ-16 resulted in full clinopyroxene resorption. Clinopyroxene crystallizes again after
5 degrees-C of cooling. Na2O model results are consistently low for all wallrock
compositions tested.
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Wt. % Na2O

Wt. % TiO2
Wt. % K2O

Wt. % MgO

Wt. % MgO

Figure 22. Major element oxide diagrams showing the results of the wallrock composition sensitivity tests.
All models begin with fractionation of the parent magma before assimilation initiates, so the trends overlap
at the beginning of the run. .

Recharge mass and recharge timing sensitivity analysis. RAFCE recharge
mass sensitivity tests were conducted in the same way as RFCE runs. In the RAFCE runs,
lower amounts of recharge (compared to the amount for lower Steens runs) resulted in
partial plagioclase resorption, which is necessary in order to address the upper Steens
plagioclase data cited above. When the mass of recharge is too high (200-300 mass
units), plagioclase and clinopyroxene fully resorbed, and when the recharge mass was
400-500 mass units, there was full resorption but neither mineral crystallized again before
the system reached thermal equilibrium. Lower mass of recharge also results in the
correct phase assemblage and better major element fit for the RAFCE runs (fig. 23).
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Depending on the wallrock composition, recharge mass of 100-150 mass units resulted in

Wt. % SiO2

Wt. % TiO2

partial resorption (less than or equal to 80%) of cumulate plagioclase.

Wt. % K2O

Wt. % MgO

Wt. % MgO

Figure 23. Major element oxide diagrams showing the results of RAFCE recharge mass sensitivity tests.

In these runs, the byDelta (which determines when the recharge and entrainment
events occur) for the recharge event was varied from 25 to 150 degrees-C of cooling from
the liquidus. This is specifically important in the RAFCE runs, as opposed to the RFCE
runs, because if the byDelta value is low (25) then the recharge and entrainment events
occur before assimilation initiates. If, in contrast, the byDelta is high (150), then
assimilation initiates before the recharge and entrainment events. Because assimilation is
hypothesized to be important to upper Steens magma evolution, and if recharge acts as an
eruption trigger, then the models must allow assimilation to begin before recharge and
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entrainment take place. Thus, models that delay recharge and entrainment until after
assimilation begins are preferred.
Percolation threshold (Fmzero) sensitivity analysis. The percolation threshold,
fmzero, was varied from 0.04-0.08. Lower percolation threshold values cause
assimilation to initiate earlier in the run, but do not have a significant impact of the major
element trends (fig. 24) and did not affect the phase assemblage of the run. The best fit
percolation threshold is interpreted to be 0.06 because lower values allow assimilation to
begin earlier in the run. Again, since assimilation was an important process for upper
Steens magma evolution assimilation needs to begin before recharge and entrainment

Wt. % SiO2

Wt. % Al2 O3

take place, if recharge and entrainment acted as eruption triggers.

Wt. % MgO

Wt. % MgO

Figure 24. Major element oxide diagrams showing the results of the fmzero sensitivity tests.

Initial wallrock temperature sensitivity analysis. The initial temperature of the
wallrock was also tested (fig. 25). Increasing the initial wallrock temperature initiates
assimilation earlier in the run. When the recharge and entrainment events occur before
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assimilation, clinopyroxene does not fully resorb. When the recharge and entrainment
events occur after assimilation has initiated, there is more clinopyroxene resorption.
Increasing the initial wallrock (model) temperature does not necessarily improve the
major element fit. But higher initial wallrock temperatures are best so assimilation begins

Wt. % FeO*

Wt. % SiO2

before recharge and entrainment, if recharge and entrainment acted as eruption triggers.

Wt. % K2O

Wt. %MgO

Wt. %MgO

Figure 25. Major element oxide diagrams showing the results of wallrock initial temperature sensitivity
tests.

Isobaric pressure sensitivity analysis. The pressure for the RAFCE runs was
varied from 1 kbar to 4 kbar. For each pressure, a gabbroic cumulate composition was
calculated and entrained at the corresponding pressure. The major element model results
reproduce the general trends (fig. 26), but differences in the phase assemblage exist. As
the pressure increased, the amount of plagioclase that resorbed after the entrainment
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event increased. At 4 kbar there was complete plagioclase resorption. Toth (2018)
characterized the upper Steens plagioclase to have a combined antecrystic + phenocrystic
origin, so full plagioclase resorption is not consistent with his hypothesis. Because of this,
the pressure range for the RAFCE upper Steens models was narrowed to being between 1
kbar and 3 kbar when using the predetermined best fit recharge and entrainment masses.
However, 4 kbar could still be considered with either a decrease in recharge mass or

Wt. % Al2O3

Wt. % SiO2

increase in entrainment mass, which would result in partial resorption.

Wt. % K2O

Wt. % MgO

Wt. % MgO

Figure 26. Major element oxide diagrams showing the results of RAFCE pressure sensitivity tests.

Summary of RAFCE sensitivity models. Sensitivity models were focused on
documenting the best fit models in order to elucidate the processes that dominated upper
Steens magmas during crustal storage and to reproduce characteristics of the plagioclase,
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including the relatively high abundance, textures, and the antecrystic + phenocrystic
origin (table 13).
Table 13. Upper Steens input summary table. This table lists the range of input parameter for RAFCE runs
which are directed at modelling upper Steens magmas. The best fit conditions are also listed along with
why those parameters worked best for the upper Steens system.
Function
Number of
runs

RAFCE

Best Fit RAFCE
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Upper Steens Implications
-

0.5-4

1-3kbar

Pressures higher than 3 kbar
result in full plagioclase
resorption

GabbroicAnorthositic

Plagioclase-rich Gabbro

Variable cumulate
compositions present in the
crust

25-500

150

Maximum recharge mass that
results in partial resorption

byDelta

25-170

150

Initiates assimilation before
R&E events

Wallrock
Compositions
Tested

Trachyandesite
Basaltic
Trachyandesite
Dacite
Trachybasalt

Trachyandesite-basaltic
andesite

Range of potential crustal
compositions. Trachyandesite
has the best major element
data fit

fmzero

0.04-0.08

0.06

Initiated assimilation earlier
in the run

Pressure
(kbar)
Cumulate
Compositions
Tested
Recharge
mass (R1)
(mass units)

Mass of the initial magma system (M) always set to 100 mass units
MCS runs as an isobaric system
Wallrock compositions from Tumpane, 2010

These models yield best-fit results, which generally reproduce the whole rock
major element data trends, the observed phenocryst phases, and the characteristics and
relative abundance of plagioclase. After fractionating these magmas slightly at 4 kbar,
recharge and entrainment occurring at 1-3 kbar in isobaric models are consistent with the
upper Steens phase assemblage. Of particular importance, crustal assimilation does
improve the model fit for some oxides, particularly K2O, suggesting that the mass
balance of K is dominated by assimilation. A range of wallrock compositions yielded
acceptable model results, consistent with the heterogenous nature of crust documented in
Tumpane (2010). Lower rates of recharge in these models results in partial plagioclase
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resorption and are consistent with previous studies that determined upper Steens
experienced lower rates of mafic recharge (Moore et al., 2018) and that the plagioclase
have an antecrystic + phenocrystic origin (Toth, 2018). These models also result in the
observed upper Steens phenocryst phases of olivine, plagioclase, and clinopyroxene.
Trace Element Modelling
The subset of trace elements chosen from modelling with the MCS Trace Element
Engine include chromium (Cr), nickel (Ni), rubidium (Rb), strontium (Sr), zirconium
(Zr), barium (Ba), lanthanum (La), and ytterbium (Yb). The goal of this modelling is to
reproduce the range of whole-rock and where available, plagioclase trace element
concentrations.
Best fit RFCE and RAFCE major element models were used as input for the trace
element model. Trace element models input includes a MCS major element output sheet,
initial concentrations of each trace element, and partition coefficients of each trace
element for every phase present in the magma body and wallrock (for RAFCE). Trace
element initial concentrations for the magma are from the parent magma, NMSB18.
Trace element initial concentrations for the wallrock are reported in Tumpane, 2010 (fig.
27). All trace elements used in this study are analyzed in Tumpane (2010) except for Yb.
The initial concentration of Yb in the wallrock used in the best fit TE models is 2 ppm.
This value is considered reasonable based on the work of LaMaskin et al. (2008), where
Yb concentrations in mudrocks are recorded from the Blue Mountains Province (eastern
Oregon/western Idaho, which includes the Huntington Formation) which range from 1.59
- 3.22 ppm.
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Figure 27. Wallrock trace element concentrations. Data from the Huntington Formation from Tumpane,
2010. Black symbols are all samples. The red diamond symbol represents the concentration used in the best
fit model. Most concentrations used in the best fit model are from the wallrock composition used, sample
99AQ-16, so the red diamond is overlain. Where a concentration is used that does not match the
concentration of 99AQ-16, the red symbol stands alone.

Partition coefficients for the trace elements in the magma and each wallrock
composition are from the Geochemical Earth Reference Model Database and correspond
to the rock type. Partition coefficients (Kd) express the compatible or incompatible nature
of trace elements in each mineral phase present in magma and wallrock. In the models, to
test the sensitivity of the output that results from Kd variability, the partition coefficients
were varied using the published minimum and maximum values in each composition and
a calculated average of the data available for the mineral phases present in the MCS runs
(table 14). Partition coefficients correspond to the rock type for each subsystem (some
approximations in rock type were necessary, i.e., andesite Kd values were used in place of
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trachyandesite because trachyandesite was not reported). Where partition coefficients
values were not available, 0.01 was used to show relative incompatibility of that element
in the mineral. The mineral-fluid partition coefficients for all elements were set to 1000.
Table 14. Partition Coefficients. A. Partition coefficients for the subset of trace elements chosen in each
phase present in the magma (RFCE runs). B. Partition coefficients for phases present in the wallrock
(RAFCE runs, 99AQ-16 as an example). The Partition coefficients are from the Geochemical Earth
Reference Model (GERM) and refer to the values for each specific rock type. M represents the magma
subsystem, WR represents the wallrock subsystem, and Kd=Ksm represents the partitioning of each trace
element between the different minerals and the melt.

Using these trace element inputs for the different subsystems, the following figure
(fig. 28) shows the range of results using one best fit isobaric RFCE model and one
RAFCE model. The RAFCE model uses the wallrock composition 99AQ-16. Figure 28
shows that the trace elements for the isobaric models are a good fit which confirms the
robustness of the major element models.
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TE

Figure 28. An example of the resulting trace element concentration diagrams for one RFCE and one
RAFCE runs at 1 kbar.
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In summary, while most of the key requirements for the best isobaric models
were addressed by these models (table 15), several oxides trends show poor fits. CaO and
Na2O are notable. In the RAFCE models, regardless of the wallrock composition, the
model results for CaO consistently have values that are on the upper end of the whole
rock data, for Na2O, the models consistently result in values on the lower end of the
whole rock data (fig. 26), and the An content of the modeled plagioclase are higher than
the bulk of plagioclase analyzed by Toth (2018). This may be due to wallrock
assimilation suppressing the crystallization of plagioclase, which results in a melt
composition that is too rich in plagioclase components. These outcomes suggest that
there is more complexity in the upper Steens history than is modelled with RAFCE
processes in isobaric conditions. To address the mismatch and to document changes that
occur to magma as it ascends form crustal storage regions, polybaric RFCE and RAFCE
model results will be presented next.
Table 15. Overview of sensitivity model input, best fit results, and reasoning for best fit interpretations.
Table presented in sequential order of parameter investigated.
Parameter
investigated

Range of
parameter

Parameters held
constant

Best fit
conditions

Interpretation

ISOBARIC MODELLING SECTION
LOWER STEENS
Gabbroic
cumulate
compositions

Plagioclase rich
to plagioclase
poor

1 kbar
NMSB18 parent
QFM
100g Recharge
100g Entrainment

Plagioclase
rich
gabbro

More plagioclase crystallizes
overall in the run, An content
becomes too high in plag that
form after entrainment of the
medium and low plagioclase
cumulates

Gabbroic cumulate composition with high plagioclase that was calculated had 0.003 wt. % H2O in it so, next, the
wt. % H2O in the cumulate was tested

Wt. % H2O in
Gabbroic
cumulate

0.003-2

1 kbar
NMSB18 parent
QFM
100g Recharge
100 g Entrainment
High plag cumulate
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0.003

An contents again become too
post high entrainment with
higher water contents in the
cumulate

Next the temperature of entrained material was tested. This parameter controls the proportion of liquid to solid in
the cumulate/mush. This is tested using the high plagioclase, low water content determined to be best from the first
few sensitivity tests.
Parameter
investigated

Temperature
of entrained
material (°C)

Range of
parameter

Parameters held
constant

Best fit
conditions

Interpretation

1080-1180

1 kbar
NMSB18 parent
QFM
100g Recharge
100 g Entrainment
High plag cumulate
with 0.003 wt. % H2O

1156
(20%
liquid in
cumulate)

More liquid in the cumulate
increased the wt. % MgO after
entrainment, but the % liquid
couldn’t get too high otherwise
it would not qualify as a
cumulate/mush.

Now that the best fit parameters concerning the gabbroic cumulate are found, the mass of recharge will be varied.
When the mass of recharge was
less than 100 the wt. % MgO
was too low and there was less
than 80% plag resorption.
Increasing the mass of recharge
increased the wt. % MgO after
1 kbar
recharge and entrainment. 300g
NMSB18 parent
had the best major element fit,
Recharge
QFM
(see fig. 19) results in full
magma mass
25-500
100 g Entrainment
300
resorption, and results in
(mass units)
High plag cumulate
plagioclase crystallizing before
with 0.003 wt. % H2O
cpx (though only 10 degrees-C
20% liquid in cumulate
before cpx). When the mass is
larger (400 or 500g, for
example) cpx and plagioclase
crystallize at the same T step
which does not reproduce the
lower Steens phase assemblage
of ol + plag.
After the mass of recharge has been tested, the mass of entrainment was tested. Mass of recharge was kept at 100g
at first to see the effect of changing the mass of entrainment.
Entrainment masses greater than
100 mass units cause
increasingly worse fit for major
element data (see fig. 20) and
never result in 100% resorption.
The wt. % MgO after
entrainment with masses greater
than 100 mass units are less than
1 kbar
8. Runs with very low
NMSB18 parent
entrainment masses (i.e., 25
Entrained
QFM
mass units) resulted in high wt.
cumulate mass
25-500
100g Recharge
100
% MgO (9.2) and full
(mass units)
High plag cumulate
plagioclase resorption, however,
with 0.003 wt. % H2O
there was significantly less
20% liquid in cumulate
plagioclase in the cumulate (10
g) and the system at the end of
the run (53 g) compared to
higher masses of entrainment
(100 mass units of plagioclase
had 40g of plagioclase in
cumulate and 84 g plagioclase at
the end of the run).

87

Now that the system at 1 kbar has some Best fit conditions defined in terms of the variables tested so far, the next
sensitivity tests how the entrainment responds to isobaric pressure changes. A high plagioclase cumulate with low
wt. % H2O is still used, but the composition of the cumulate was recalculated at each pressure and the temperature
of entrained material also changes, but always corresponds to about 20% liquid in the cumulate.
Parameter
investigated

Pressure.
(kbar,
Isobaric)

Range of
parameter

Parameters held
constant

1-5

NMSB18 parent
QFM
High plag cumulate
with 0.003 wt. % H2O
Cumulate with 20%
liquid
300g Recharge
100g Entrainment

Best fit
conditions

Interpretation

Variably
covers
major
element
diagrams

Deeper pressures result in
clinopyroxene crystallizing
before plagioclase which is
inconsistent with the lower
Steens phase assembly.
However, deeper pressures are
better fits for some major
elements like Na2O and CaO
(see fig. 21).

Entraining a gabbroic cumulate was not successfully reproducing the observed lower Steens phenocrysts, so
another cumulate was considered, and anorthosite, and this cumulate was also entrained at various pressures in
isobaric conditions.

80% plag 10%
olivine 10% cpx

1kbar
NMSB18 parent
QFM
High plag cumulate
with 0.003 wt. % H2O
Cumulate with 20%
liquid
300g Recharge
100g Entrainment

Anorthositic
cumulate

80% plag 10%
olivine 10% cpx

4kbar
NMSB18 parent
QFM
High plag cumulate
with 0.003 wt. % H2O
Cumulate with 20%
liquid
300g Recharge
100g Entrainment

Variably
covers
major
element
diagrams

Anorthositic entrainment at 1
kbar resulted in 50% more plag
at the end of the run. Also, post
entrainment, there was full
plagioclase resorption and a
longer delay between plagioclase
and cpx crystallization (25
degrees-C compared to 5-10
degrees-C when using the
gabbroic cumulate. Likewise, at
4 kbar, there was more
plagioclase than the run using
the gabbroic cumulate.
Entrainment of an anorthositic
cumulate and a gabbroic
cumulate at these various
pressures shows a range of good
major element fit. However,
none of these scenarios fully
explains the phase assemblage
difference between lower (ol +
plag) and upper (ol + plag + cpx)
Steens lavas.

Trachyand
esite.
Basaltic
trachyande
site

Resulted in the best major
element fit for the most oxide
diagrams, with abundant
plagioclase crystallizing

UPPER STEENS

Wallrock
composition

Trachyandesite
Basaltic
Trachyandesite
Dacite
Trachybasalt

1 kbar
NMSB18 parent
QFM
100 g recharge
100 g Entrainment
High plag cumulate
with 0.003 wt. % H2O
20% liquid in cumulate
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Parameter
investigated

Range of
parameter

Parameters held
constant

Best fit
conditions

Interpretation

25-500

1 kbar
NMSB18 parent
QFM
100 g Entrainment
High plag cumulate
with 0.003 wt. % H2O
20% liquid in cumulate
Trachyandesite

150

Results in better major element
fit and in partial plagioclase
resorption

0.04-0.08

1 kbar
NMSB18 parent
QFM
150 g recharge
100 g Entrainment
High plag cumulate
with 0.003 wt. % H2O
20% liquid in cumulate
Trachyandesite

0.06

Allow assimilation to begin
earlier in the run

650°C

Allow assimilation to begin
earlier in the run

Range

Model output trends variably
cover the major element
diagrams.

Recharge
magma mass
(mass units)

Percolation
threshold
(Fmzero)

Initial
wallrock
temperature
(°C)

350-650

Pressure.
(kbar,
Isobaric)

1-4

1 kbar
NMSB18 parent
QFM
150 g recharge
100 g Entrainment
High plag cumulate
with 0.003 wt. % H2O
20% liquid in cumulate
Trachyandesite
0.06 fmzero
NMSB18 parent
QFM
150g Recharge
100g Entrainment
High plag cumulate
with 0.003 wt. % H2O
Cumulate with 20%
liquid
Trachyandesite
0.06 fmzero
650°C initial wallrock
temperature

Thermodynamic Modelling: Polybaric Modelling and the Architecture of Steens
Magmatic System
This section presents sensitivity tests that are aimed at better understanding
processes that dominated during the transport of Steens basalt magmas. Isobaric models
failed to reproduce likely conditions where clinopyroxene was absent as a phenocrystic
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phase. The mineral is present in the groundmass, however (Bendaña, 2016, Toth, 2018).
Thus, a key best-fit parameter is either the absence of significant clinopyroxene
coprecipitating with olivine and plagioclase or significant resorption of clinopyroxene in
the lower Steens models. Isobaric upper Steens models did not fully reproduce good fits
for all oxides (like Na2O or CaO), so these polybaric models seek to also minimize
mismatch.
The lower Steens and upper Steens sections will conclude with a discussion of the
formation conditions of abundant plagioclase in lower or upper Steens type magma
reservoirs, how models predict the final equilibria that were achieved, and discuss
processes involved in differentiating these magmas.
Polybaric pressure sensitivity analysis: lower Steens
Decompression models were tested in Rhyolite-MELTS. These runs start with
isobaric RFCE in the MCS, with a gabbroic or anorthositic cumulate, at deeper pressures
(4 kbar). Sufficient recharge mass (refer to recharge mass sensitivity section) resulted in
full plagioclase and clinopyroxene resorption followed by crystallization of both after
about 45 °C of cooling. However, since there are some plagioclase in the lower Steens
that are not in Sr isotopic equilibrium, runs that result in approximately 80%-100%
resorption can still be considered good candidates for further model testing. The
polybaric part of modelling began with reconstructing the bulk magma composition
where olivine, clinopyroxene, and plagioclase are crystallizing after the 45 °C of cooling
after the recharge and entrainment events. The mineral phases were quantitatively added
to the melt, and this bulk composition was then run under polybaric (from 4 kbar to 1
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kbar) and isothermal conditions (fig 29). These runs simulated equilibrium
crystallization.

1 kbar

5. Equilibrium
crystallization with
cooling

4. isothermal decompression
with equilibrium crystallization:
results in clinopyroxene
resorption

Initial bulk equilibrium
crystallization assemblage:
ol + cpx+ plag

3. With cooling, plagioclase and cpx
crystallize again, olivine continues to
crystallize
4 kbar

Bulk magma
composition
reconstructed
(melt + crystals)

2. Full to partial plagioclase and cpx
resorption; olivine continues to
crystallize
1. FC followed by R&E

Figure 29. Summary of modelling steps for polybaric modelling. Schematic illustration of the sequence of
events in each polybaric run. 1. At deeper pressures the magma fractionally crystallizes until recharge and
entrainment events occur. 2. Recharge and entrainment result in partial to full plagioclase and
clinopyroxene resorption. 3. Then, with cooling, plagioclase and clinopyroxene again crystallize. 1-3 occur
in MCS. When plagioclase and clinopyroxene are crystallizing again, a calculated bulk magma composition
was calculated and tested in Rhyolite-MELTS in an isothermal decompression simulation. 4. Isothermal
decompression brought the magma from 4 kbar to 1 kbar in equilibrium crystallization mode. 5. At 1 kbar,
the simulation was allowed to run down temperature.

For a RFCE model at 4 kb with a high plagioclase gabbroic cumulate, followed
by isothermal decompression to 1 kb, the clinopyroxene did not fully resorb during
decompression and the wt. % MgO did not exceed 6, which is lower than typical lower
Steens basalts (fig. 30). However, when entraining the anorthositic cumulate, full
clinopyroxene resorption occurred during isothermal decompression without subsequent
crystallization by the time the magma reached 1 kbar. The resulting magma at 1 kb is
characterized by a phase assemblage of olivine and plagioclase (~13 modal % total
crystals), which is broadly consistent with the lower Steens petrographic data, although
many samples have much more plagioclase. The MgO at the end of the isothermal
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decompression was ~7.3 wt. %, which is in the range of some lower Steens basalts.
Recharge induced entrainment of an anorthositic cumulate at 4 kbar, followed by
isothermal decompression, thus, best reproduces the lower Steens phase assemblage.
RFCE 4 kb gabbroic cumulate followed by isothermal decompression:
In MCS
100 mass units parent magma + 300 mass units Recharge + 300 mass units entrainment
Reconstruct bulk magma at 1156.8 degree-C T step:
Olivine + opx + cpx + plagioclase in magma
SiO2

TiO2

Al2O3

Fe2O3

FeO

MnO

MgO

CaO

Na2O

K2O

P2O5

H2O

M.F.

M

45.6

2.90

17.3

2.41

11.3

0.186

6.61

9.18

2.79

0.483

0.223

1.00

0.56

C

48.2

0.704

7.72

1.57

8.16

0.03

20.2

13.0

0.403

0.004

0

0

0.44

B

46.8

1.94

13.1

2.04

9.92

0.119

12.6

10.9

1.74

0.273

0.125

0.565

-

In Rhyolite-MELTS:
4 kbarà 1 kbar isothermal decompression with equilibrium crystallization
Resulting phase assemblage: olivine + plagioclase + clinopyroxene
Wt. % MgO in melt: 7.81
Plag mode: 4.03
Figure 30. Gabbroic entrainment followed by isothermal decompression. MCS and Rhyolite-MELTS
results from 4 kbar entrainment of a gabbroic cumulate followed by isothermal decompression. Isothermal
decompression results in incomplete clinopyroxene resorption, and thus produces the phase assembly
olivine + plagioclase + clinopyroxene. Figure includes table of compositions involved in calculating the
bulk magma composition for reference. M stands for Magma, C stands for the composition of the
Cumulative Cumulate, B stands for the Bulk magma composition, and M.F. stands for mass fraction.

However, when entraining the anorthositic cumulate, full clinopyroxene
resorption occurred during isothermal decompression without subsequent crystallization
by the time the magma reached 1 kbar. The resulting magma at 1 kb is characterized by a
phase assemblage of olivine and plagioclase (~13 modal % total crystals), which is
broadly consistent with the lower Steens petrographic data, although many samples have
much more plagioclase. The MgO at the end of the isothermal decompression was ~7.3
wt. %, which is in the range of some lower Steens basalts (fig. 31).
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RFCE 4 kb Anorthositic cumulate followed by isothermal decompression:
In MCS
100 mass units parent magma + 300 mass units Recharge + 150 mass units entrainment
Reconstruct bulk magma at 1155.7 degree-C T step:
Olivine + opx + Cpx + plagioclase in magma
M

SiO2
48.1

TiO2
1.98

Al2O3
18.1

Fe2O3
1.58

FeO
9.47

MnO
0.219

MgO
6.16

CaO
8.92

Na2O
3.42

K2O
0.576

P2O5
0.263

H2O
1.19

M.F.
0.606

C.C.

48.8

0.34

15.1

0.973

5.55

0.02

14.6

13

1

0.014

0

0

0.393

B

48.4

1.33

16.9

1.34

7.93

0.142

9.49

10.7

2.49

0.355

0.160

0.719

-

In Rhyolite-MELTS:
4 kbarà 1 kbar isothermal decompression with equilibrium crystallization
Resulting phase assemblage: olivine + plagioclase
Wt. % MgO in melt: 7.3
Plag mode: 13 %
Figure 31. Anorthositic entrainment followed by isothermal decompression. MCS and MELTS results
from 4 kbar entrainment of an anorthositic cumulate followed by isothermal decompression. Isothermal
decompression results in clinopyroxene resorption leaving the phase assembly olivine + plagioclase.

Because there are some samples in the lower Steens with greater than 13 modal %
plagioclase, after isothermal decompression, the melt composition was cooled at 1 kbar to
observe how much plagioclase could crystalize in the model. When the magma is cooled
at 1 kbar, 1 modal % clinopyroxene does eventually reappear at 1140 °C where the
plagioclase has reached 19 modal % and the MgO of the magma is 6.9 wt. %. When the
MgO is approximately 5 wt. %, at 1080 °C, plagioclase continues to crystallize and
reaches over 30 modal %. The presence of significant clinopyroxene (13%) by the end of
the down temperature part of the best fit model run may be consistent with the presence
of clinopyroxene in the groundmass of lower Steens samples. This topic is addressed in
the Lower Steens Basalt and Abundant Plagioclase Formation Model section.
The resulting major elements from this scenario, shown in figure 32, are generally
a good fit for much of the data. The increase in MgO during decompression is notable
and is explained by clinopyroxene resorption (fig. 32). The key outcome of these models
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is the lack of phenocrystic clinopyroxene. The models which employ isothermal
decompression are the only models that reproduce the phenocryst phases in the lower
Steens. Recharge induced entrainment of an anorthositic cumulate at 4 kbar, followed by
isothermal decompression, thus, best reproduces the lower Steens Basalts. These are the
first models to quantitatively explore the phase equilibria impacts of decompression of
lower Steens type magmas.

2) E
3) Isothermal Decompression

1) R
4) Down Temperature

Figure 32. Major element oxide diagrams showing the results of RFCE + isothermal decompression (ID)
tests. Note different symbols in legend illustrate the following steps: at 4 kbar (1) R: Recharge and (2) E:
Entrainment occur, (3) followed by isothermal decompression from 4 kbar to 1 kbar, and (4) the run ends
after the magma runs down temperature at 1 kbar.
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There is some mismatch between the combined RFCE (4 kbar) + decompression
model and the lower Steens whole rock data in oxides such as FeO* and TiO2. A possible
explanation for these differences results from comparing an MCS melt trend to the whole
rock analyses of samples with substantial phenocryst abundances. To address the
mismatch and test the efficacy of phenocryst addition (e.g., Fe-Ti oxides) to the melt
composition, figure 33 shows the addition of 0.5, 2.5, and 5 modal % Fe-Ti to the
modeled melt composition. Fe-Ti oxides are a crystallizing phase in the outputs of the
decompression models. For the Fe-Ti oxide addition, the average composition was
calculated from the mineral output compositions and added to the melt composition.

+2.5 modal % Fe-Ti oxide

Wt. % FeO*

Wt. % TiO2

+5 modal % Fe-Ti oxide

+0.5 modal % Fe-Ti oxide

+5 modal % Fe-Ti oxide
+2.5 modal % Fe-Ti oxide
+0.5 modal % Fe-Ti oxide

Wt. % Al2O3

Wt. % MgO

+0.5 modal % Fe-Ti oxide
+2.5 modal % Fe-Ti oxide
+5 modal % Fe-Ti oxide

Wt. % MgO

Figure 33. Fe-Ti oxide addition. FeO and TiO2 diagrams showing the trends produced from RFCE at 4
kbar followed by isothermal decompression to 1 kbar, and then the down temperature evolution at 1 kbar.
Additional trend lines are shown for addition of 0.5, 2.5 and 5 modal % Fe-Ti oxide compositions to the
melt trend. The effect of the addition is more prevalent in the TiO2 diagram, which limits the addition to 2.5
modal % Fe-Ti oxides.
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This addition is broadly consistent with observations; there are Fe-Ti oxides
present in the lower Steens as both phenocryst and groundmass phases (Moore et. al.,
2018; Bendana, 2016; Graubard, 2016; Toth, 2018). The effect of this addition is most
significant for the TiO2 plot. This plot apparently places an upper limit of the phenocryst
addition to 2.5 modal % Fe-Ti oxides. Fe-Ti oxide addition does not create any additional
mismatch to the other oxides not shown. Additional FeO* mismatch may be explained by
the presence of olivine as a phenocryst phase.
Formation of Lower Steens GPB Magmas
Models that combine recharge, fractional crystallization, and entrainment
followed by isothermal decompression proved to be the best fit for lower Steens whole
rock and plagioclase geochemistry, phase equilibria, and plagioclase characteristics.
These models inform the following interpretations of the evolution of lower Steens
magmas. Mantle sourced magmas likely traversed the lower crust and then ascended to
mid to upper crustal depths. Little to no evidence remains from a lower crustal history, as
it likely has been masked by more recent magmatic differentiation (Moore et al., 2018).
In the mid-crust (~4 kbar), lower Steens magmas stalled, crystallized, and experienced
recharge coupled with entrainment of cumulates. There was likely a range in cumulate
compositions in the magma storage system, including gabbroic and anorthositic
cumulates, and potentially others. There may have been floatation of plagioclase that
would have potentially formed anorthositic cumulates. Recharge of mafic magmas likely
catalyzed the entrainment of these plagioclase bearing cumulates.
After cumulate entrainment, plagioclase became unstable in these higher MgO
lower Steens magmas, and most to all of the plagioclase resorbed, causing subsequent
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(i.e., down-temperature) supersaturation of plagioclase components in the melt. In order
to reproduce the textures and chemical characteristics of most of the Lower Steens
plagioclase, entrained plagioclase needed to partially to fully resorbed, with subsequent
abundant crystallization.
Plagioclase crystallization was followed by crystallization of clinopyroxene after
~5-30 °C of cooling. The lack of phenocrystic clinopyroxene in lower Steens samples
also provides constraints; when the lower Steens magmas only experience entrainment at
the lower pressures (e.g., 1-2 kbar), models show that clinopyroxene persists in
significant quantities. These results demonstrate that entrainment at lower pressures,
without a deeper, more complex crystallization history, did not reproduce observed lower
Steens samples phase assemblage.
Regardless of the sample’s composition or plagioclase abundance, clinopyroxene
is not found as a phenocryst phase in the lower Steens samples, it is however, found as a
groundmass phase. So, understanding the lack of phenocrystic clinopyroxene was a key
objective for modelling the lower Steens. After the deeper recharge and entrainment
events (4 kbar), when plagioclase and clinopyroxene are crystallizing again, these
magmas may have isothermally decompressed from mid to upper crustal depths. As the
magma decompressed but maintained its heat, clinopyroxene became unstable and fully
resorbed, which caused an increase in the wt. % MgO in the melt. No isobaric model
resulted in a lack of phenocrystic clinopyroxene. The isothermal decompression scenario
results in the best fit model for lower Steens because of best major element fit and the
successful replication of the lower Steens major phenocryst phases; olivine and
plagioclase.
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Modelling showed that with modest cooling after the magmas isothermally
decompressed to 1 kbar, clinopyroxene would reappear as a crystallizing phase. This may
suggest that these magmas erupted quickly after decompression. If the magmas briefly
stalled in storage zones lodged in cooler ambient wallrock, plagioclase continued to
nucleate and grow, resulting in abundant large radial plagioclase and many smaller
plagioclase crystals (Toth, 2018). The building blocks for the clinopyroxene remain in the
magma, so, as the magmas experienced final ascent and eruption, clinopyroxene
crystallized as a late stage (i.e., groundmass) phase.
This multi chamber scenario (fig. 34) results in lower Steens magmas with higher
MgO and a stage of magma evolution that has no clinopyroxene. The formation of
phenocrystic plagioclase in Sr isotopic equilibrium with the groundmass is also explained
by these models because there was full to partial cumulate plagioclase resorption
followed by new crystallization. Thus, abundant plagioclase that crystallized directly
from lower Steens magmas are attributed to recharge and entrainment in midcrustal
magma reservoirs, followed by isothermal decompression as the magmas moved to the
upper crust prior to eruption. Isothermal decompression resulted in resorption of
clinopyroxene upon ascent which increased melt MgO, consistent with the generally
more mafic compositions of most of the lower Steens. Lower Steens magmas likely did
not experience crustal assimilation due to the large temperature contrast between lower
Steens magmas and ambient wallrock. The lack of phenocrystic clinopyroxene may also
suggest that the magmas did not dwell for long enough time periods to heat wallrock up
to its solidus, since modelling showed that clinopyroxene crystallized again with cooling.

98

Plagioclase
Olivine
Clinopyroxene

Heat transfer to colder wallrock
Entrainment
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Fe-Ti Oxides

Eruption
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Isothermal Decompression

mafic recharge followed by
cumulate entrainment
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Figure 34. Lower Steens storage and transport. Mantle sourced magmas form a reservoir around 12 km
(4kbar) where recharge causes cumulate entrainment after some fractionation. Entrained plagioclase
partially to fully resorbs and, with cooling, crystallizes as new growth. Magmas then isothermally
decompress, which causes complete clinopyroxene resorption, to a shallower reservoir and then erupt
before additional cooling allows clinopyroxene to begin crystallizing. This sequence of magma processes
results in lavas at the surface with olivine and plagioclase phenocrysts and clinopyroxene only in the
groundmass.
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Additionally, Eager et al. (2011) collected teleseismic data to reveal a slightly
thickened crust with low Poisson’s ratio (used to determine rock properties) under the
Steens escarpment. These results were interpreted to reveal midcrustal residual cumulate
piles which resulted from Steens magmatism (Eager et al., 2011).
In summary, my proposed model that explains most of the lower Steens abundant
plagioclase, major and trace element, and phase assemblage characteristics is based on
over 196 model simulations using MCS and Rhyolite-MELTS which describe a
midcrustal magma storage system that was dominated by recharge, likely entrained
gabbroic and anorthositic cumulates, and a key process during magma transport was
isothermal decompression.
Polybaric Pressure Sensitivity Analysis: Upper Steens
Polybaric models were also tested using bulk compositions for the upper Steens
(fig. 35). The isobaric upper Steens models already reproduced the phenocryst assembly
observed in upper Steens samples, so the polybaric models mainly focus on producing
better fit for major elements. Polybaric models were run using a gabbroic cumulate,
which has plagioclase and olivine and much more clinopyroxene than the anorthositic
cumulate.
Several polybaric model results are presented in order to illustrate the range of
results that are produced from a spectrum of pressures. For the first scenario, RAFCE
processes were modelled isobarically in MCS at a pressure of 4 kbar. Then a bulk magma
composition was calculated (like described in the lower Steens polybaric section) and
isothermally decompressed in Rhyolite-MELTS to 2 kbar where the magma stalled (fig
35). The simulation was run down temperature (50 degrees) once it reached 2 kbar. When
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this magma was cooled to about 5 wt. % MgO, there was 16 modal % plagioclase and 32
modal % clinopyroxene.

2 kbar

Figure 35. Summary of modelling steps for upper Steens polybaric modelling. Schematic illustration of the
sequence of events in each polybaric run. 1. At deeper pressures the magma fractionally crystallizes and
assimilates crustal material. Then recharge and entrainment events occur. 2. Recharge and entrainment
result in partial plagioclase and clinopyroxene resorption. 3. Then, with cooling, plagioclase and
clinopyroxene again crystallize. 1-3 occur in MCS. After plagioclase and clinopyroxene are crystallizing, a
calculated bulk magma composition, was tested in MELTS in an isothermal decompression simulation. 4.
Isothermal decompression brought the magma from 4 kbar to 2 kbar in equilibrium crystallization mode. 5.
At 2 kbar, the magma was allowed to run down temperature.

A second scenario modelled RAFCE at 3 kb and then decompressed the magma
to 1 kbar and allowed the magma to cool 100 °C. When the magma reached about 5 wt. %
MgO, there was approximately 21 modal % plagioclase and 14 modal % clinopyroxene.
These results show that there are a range of pressures that yield abundant plagioclase
within the general range of MgO for upper Steens lavas. Isothermally decompressing to
shallower pressures results in crystallization of more plagioclase.
Clinopyroxene is a phenocrystic phase in upper Steens lavas, and thus unlike
lower Steens, full resorption of clinopyroxene is not required. Entraining the gabbroic
cumulate into upper Steens type magmas and then isothermally decompressing the bulk
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magma (i.e., melt + crystals) does not result in clinopyroxene fully resorbing, which is
consistent with observations of a phenocryst assemblage of olivine + plagioclase +
clinopyroxene. Another important outcome of these polybaric models is that variations in
major oxides reproduce parts of the observed trends that are not seen in the isobaric-only
models (fig. 36).

Figure 36. Major element oxide diagrams showing the results of 4 kb RAFCE + Isothermal decompression
(ID) followed by magma stalling and cooling at 2 kbar.

These models, which includes deeper RAFCE followed by isothermal
decompression, are considered to be the best fit because they resulted in the correct
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phases for upper Steens, have better major element fit than isobaric models, and also
produced abundant plagioclase with characteristics that are consistent with an antecrystic
history for upper Steens plagioclase. These are the first models that quantify how
decompression impacts the phase equilibria of upper Steens type magmas.
Formation of Upper Steens GPB Magmas
While the lower Steens magmas likely experienced RFCE processes in the mid
crust and then ascended to shallower depths and erupted without long residence in the
upper crust, modelling suggests that upper Steens magmas may have also experienced
RFCE in the mid crust, but their residence in the upper crust was longer. This suggests a
shoaling of the magma storage system due to an increased geothermal gradient produced
by thermal energy from lower Steens magmatism. Thus, enthalpy from lower Steens
magmas is suggested to have thermally primed the crust so that upper Steens magmas
could reside in shallower chambers for longer. In addition, thermal priming is consistent
with data that indicate upper Steens experienced significant crustal assimilation, as
suggested by Moore et al. (2018) and quantitatively demonstrated by this work.
In upper Steens models, gabbroic cumulates formed as the magmas stalled and
fractionated in a mid to upper (~12-9 km) crustal reservoir. Because of the heat transfer
to the wallrock during lower Steens magmatism, the upper Steens magmas experienced
crustal assimilation. Then, magma recharge catalyzed cumulate entrainment. Plagioclase
was likely already stable in these less mafic magmas and so, upon entrainment, there was
only partial resorption of the cumulate plagioclase, consistent with model results. Upon
cooling, plagioclase continued to crystallize but in greater abundances due to
entrainment. Since the majority of the plagioclase did not fully resorb, I hypothesize that
103

it was energetically more favorable for the plagioclase components to attach to the
remnant plagioclase, which may explain the dominant morphology of single isolated laths
(see plagioclase crystallization section in background, Toth, 2018). Clinopyroxene also
partially to fully resorbed in these models and crystallized again down temperature, after
plagioclase.
After plagioclase and clinopyroxene began crystallizing again, the magma began
to isothermally decompress. Upper Steens polybaric models show that these magmas
could have decompressed and resided in various upper crustal reservoirs (fig. 37), leading
to the suggestion that by the time of upper Steens, the Steens magma system included
magma bodies at a range of mid to upper crustal depths. Isothermal decompression after
entrainment of a gabbroic cumulate into upper Steens type magmas did not result in full
clinopyroxene resorption. Magmas that stalled at a range of depths cooled, and
plagioclase and clinopyroxene both continued to crystallize. Model results are thus
consistent with observations of abundant plagioclase and a phase assemblage of olivine +
plagioclase + clinopyroxene. In addition, these models yield good fits for major elements.
These results demonstrate the influence of crustal assimilation, some recharge,
cumulate entrainment, crystallization, and isothermal decompression on the formation of
upper Steens magmas. Though modelling of heterogeneous source magmas was beyond
the scope of this study, Moore et al. (2018) also attributes upper Steens variability to
mantle source heterogeneity. The variable range of possible crustal compositions that
were successful in modelling also support vertical migration of the upper Steens magmas
through time. Lateral migration is also possible and consistent with the documented
northward migration of the Steens dike swarm as eruptions progressed.
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Figure 37. Upper Steens storage and transport. Upper Steens magmas formed as the magmatic system
shoaled to the upper crust. Thermal priming of the crust introduced crustal assimilation as a differentiation
process affecting the composition of the magma. Entrained plagioclase partially resorbs and, with cooling,
recrystallizes on the preserved antecrysts. Plagioclase grow as large single isolated crystals because new
growth occurs on antecrystic cores, and thermal priming decreased the thermal gradient in the magma
reservoir.
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SUMMARY AND FUTURE WORK
The Steens Basalt in SE Oregon displays stratigraphic variations in whole rock
geochemistry, plagioclase morphology, and plagioclase geochemistry. Based on these
variations, the Steens has been subdivided into upper and lower Steens. Lower Steens
lavas are, in general, more mafic, have lower concentrations of incompatible trace
elements, and are less radiogenic in 87Sr/86Sr than upper Steens lavas. When compared to
upper Steens plagioclase, abundant plagioclase in the lower Steens have slightly higher
An contents (although there is significant overlap), lower concentrations of incompatible
trace elements, are more commonly in Sr isotopic equilibrium with their groundmass, and
do not display disequilibrium textures (like sieve texture or resorption features; Toth,
2018). Toth (2018) hypothesizes that entrainment of a plagioclase bearing cumulate was
necessary to result in the formation of abundant plagioclase in the upper and lower
Steens. The goal of this research was to:
1) Use a mass and energy constrained thermodynamic model called the Magma
Chamber Simulator (MCS) to quantify differentiation processes involved in the
geochemical variability between upper and lower Steens
2) Test the hypothesis that entrainment of a plagioclase bearing cumulate was
necessary to produce the abundant plagioclase observed in upper and lower
Steens lavas.
3) Use these models to better understand the architecture of the Steens crustal
magmatic system that would result in the observed chemical and phenocryst
characteristics of upper and lower Steens.
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To address these objectives, 220 MCS and 101 Rhyolite-MELTS models were
run to identify best-fit models that constrain pressure and the processes that dominated
Steens magma evolution. These models yield the following conclusions about the Steens
magmatic system:
1) Steens magmas were dominated by recharge, fractional crystallization,
entrainment (RFCE) for lower Steens and recharge, assimilation, fractional
crystallization, entrainment (RAFCE) for upper Steens.
2) Isobaric models show that for both lower and upper Steens, entrainment is
required because entrainment of an anorthositic cumulate for lower Steens yields
abundant plagioclase with a phenocrystic origin. Entrainment of a gabbroic
cumulate for upper Steens produces abundant plagioclase with an antecrystic +
phenocrystic origin, consistent with observations.
3) A major process operating during the transport of Steens magmas was isothermal
decompression. The variable amount of resorption followed by crystallization of
plagioclase results in the differences in characteristics between lower and upper
Steens plagioclase.
Specifically, for lower Steens, mid to upper crustal RFCE followed by isothermal
decompression replicated the assemblage (ol + plag), major elements, and abundant
plagioclase behavior (full-partial resorption followed by phenocrystic growth). Recharge
mass in the lower Steens was 1.5 to 3 times greater than in the upper Steens, which
resulted in partial to full resorption of lower Steens cumulate plagioclase. With cooling,
plagioclase abundantly crystallized as new growth. The lower Steens magmas likely
ascended to various stages in the crust, but the stalling was brief. The brief stalling did
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not give sufficient time for clinopyroxene to form as a phenocryst phase prior to eruption.
During final ascent and eruption, clinopyroxene crystallized as a groundmass phase. The
lower Steens system was dominated by mafic recharge with minor intermittent
fractionation, but the main process resulting in clinopyroxene being absent as a
phenocrystic phase was isothermal decompression with (possible) brief stalling prior to
eruption.
For upper Steens, RAFCE followed by isothermal decompression replicated the
phase assemblage (olivine + plagioclase + clinopyroxene), major elements, and
abundance and characteristics of plagioclase (partial resorption followed by new growth,
yielding plagioclase with an antecrystic + phenocrystic origin). The lower recharge
masses (compared to lower Steens) resulted in partial resorption of cumulate (and
phenocrystic) plagioclase, and with cooling, plagioclase abundantly crystallizes, likely on
the remnant plagioclase. Modelling suggests that upper Steens magmas may have stalled
in the mid-crust, where crustal assimilation took place. There was likely shoaling of the
magma system during upper Steens time as the crust was thermally primed by the lower
Steens magmatism. The upper Steens multi-stage crustal storage system experienced
recharge, but at rates lower than lower Steens. The more evolved compositions and Sr
isotope characteristics indicate that fractional crystallization and crustal assimilation were
key. Following mid-crustal magma recharge, entrainment and crystallization, isothermal
decompression occurred, followed by down temperature crystallization; this modeled
multistage set of processes results in the best fit major elements and the highest
abundance of plagioclase.
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A major focus of this work was to test the hypotheses of Toth (2018) regarding
plagioclase formation in the Steens by computationally reproducing abundant plagioclase
which can be linked to an antecrystic or phenocrystic origin. This study is the first mass
and energy constrained computational modelling of the role of not only cumulate
entrainment but also the impact of isothermal decompression on Steens- type magmas.
The results demonstrate the necessity of cumulate entrainment and the critical role of
isothermal decompression on the phase equilibria. This study emphasizes the efficacy of
modelling to test hypotheses and provides valuable mass, thermal, and phase equilibria
information that otherwise be difficult or impossible to ascertain.
More broadly, the results of this study demonstrate how thermodynamic tools like
the MCS and Rhyolite-MELTS can be used to model complex processes that occur as
magma is stored in and transported through the crust. The final models presented here
(i.e., RFCE ±A followed by isothermal decompression) for reproducing the whole-rock
major elements, abundant plagioclase, and other phase equilibria characteristics of upper
and lower Steens magmas may be applicable to the formation of other GPBs. Detailed
MCS and Rhyolite-MELTS modelling of lavas from other GPB locations can directly test
whether entrainment of plagioclase-bearing cumulates, followed by isothermal
decompression, are the dominant processes governing the formation of GPBs.
Additional modelling would enhance my results. Trace element modelling for the
decompression steps is pending, and I anticipate that this new work will support my
conclusions. In addition, model results for Na2O did not effectively reproduce the
observed trends and some trace element modelling results, such as Sr require
improvement. An important future step that might address these misfits and would
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improve both the efficacy of modelling and the rate of modelling involves application of
Monte Carlo MCS simulations where ranges of input (e.g., pressure range from 4 kb to 1
kbar) are specified, and then in each simulation, each input variable is randomly selected
from this range. Thousands of models can be run efficiently, and best fit results can be
evaluated based on specifications provided by the user. This mode of MCS simulations is
under development.
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CHAPTER IV
CONCLUSIONS
The Steens Basalt in SE Oregon displays stratigraphic variations in whole rock
geochemistry, plagioclase morphology, and plagioclase geochemistry. Based on these
variations, the Steens has been subdivided into upper and lower Steens. Lower Steens
lavas are, in general, more mafic, have lower concentrations of incompatible trace
elements, and are less radiogenic in 87Sr/86Sr than upper Steens lavas. When compared to
upper Steens plagioclase, abundant plagioclase in the lower Steens have slightly higher
An contents (although there is significant overlap), lower concentrations of incompatible
trace elements, are more commonly in Sr isotopic equilibrium with their groundmass, and
do not display disequilibrium textures (like sieve texture or resorption features; Toth,
2018). Toth (2018) hypothesizes that entrainment of a plagioclase bearing cumulate was
necessary to result in the formation of abundant plagioclase in the upper and lower
Steens. The goal of this research was to:
4) Use a mass and energy constrained thermodynamic model called the Magma
Chamber Simulator (MCS) to quantify differentiation processes involved in the
geochemical variability between upper and lower Steens
5) Test the hypothesis that entrainment of a plagioclase bearing cumulate was
necessary to produce the abundant plagioclase observed in upper and lower
Steens lavas.
6) Use these models to better understand the architecture of the Steens crustal
magmatic system that would result in the observed chemical and phenocryst
characteristics of upper and lower Steens.
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To address these objectives, 220 MCS and 101 Rhyolite-MELTS models were
run to identify best-fit models that constrain pressure and the processes that dominated
Steens magma evolution. These models yield the following conclusions about the Steens
magmatic system:
4) Steens magmas were dominated by recharge, fractional crystallization,
entrainment (RFCE) for lower Steens and recharge, assimilation, fractional
crystallization, entrainment (RAFCE) for upper Steens.
5) Isobaric models show that for both lower and upper Steens, entrainment is
required because entrainment of an anorthositic cumulate for lower Steens yields
abundant plagioclase with a phenocrystic origin. Entrainment of a gabbroic
cumulate for upper Steens produces abundant plagioclase with an antecrystic +
phenocrystic origin, consistent with observations.
6) A major process operating during the transport of Steens magmas was isothermal
decompression. The variable amount of resorption followed by crystallization of
plagioclase results in the differences in characteristics between lower and upper
Steens plagioclase.
Specifically, for lower Steens, mid to upper crustal RFCE followed by isothermal
decompression replicated the assemblage (ol + plag), major elements, and abundant
plagioclase behavior (full-partial resorption followed by phenocrystic growth). Recharge
mass in the lower Steens was 1.5 to 3 times greater than in the upper Steens, which
resulted in partial to full resorption of lower Steens cumulate plagioclase. With cooling,
plagioclase abundantly crystallized as new growth. The lower Steens magmas likely
ascended to various stages in the crust, but the stalling was brief. The brief stalling did
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not give sufficient time for clinopyroxene to form as a phenocryst phase prior to eruption.
During final ascent and eruption, clinopyroxene crystallized as a groundmass phase. The
lower Steens system was dominated by mafic recharge with minor intermittent
fractionation, but the main process resulting in clinopyroxene being absent as a
phenocrystic phase was isothermal decompression with (possible) brief stalling prior to
eruption.
For upper Steens, RAFCE followed by isothermal decompression replicated the
phase assemblage (olivine + plagioclase + clinopyroxene), major elements, and
abundance and characteristics of plagioclase (partial resorption followed by new growth,
yielding plagioclase with an antecrystic + phenocrystic origin). The lower recharge
masses (compared to lower Steens) resulted in partial resorption of cumulate (and
phenocrystic) plagioclase, and with cooling, plagioclase abundantly crystallizes, likely on
the remnant plagioclase. Modelling suggests that upper Steens magmas may have stalled
in the mid-crust, where crustal assimilation took place. There was likely shoaling of the
magma system during upper Steens time as the crust was thermally primed by the lower
Steens magmatism. The upper Steens multi-stage crustal storage system experienced
recharge, but at rates lower than lower Steens. The more evolved compositions and Sr
isotope characteristics indicate that fractional crystallization and crustal assimilation were
key. Following mid-crustal magma recharge, entrainment and crystallization, isothermal
decompression occurred, followed by down temperature crystallization; this modeled
multistage set of processes results in the best fit major elements and the highest
abundance of plagioclase.
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A major focus of this work was to test the hypotheses of Toth (2018) regarding
plagioclase formation in the Steens by computationally reproducing abundant plagioclase
which can be linked to an antecrystic or phenocrystic origin. This study is the first mass
and energy constrained computational modelling of the role of not only cumulate
entrainment but also the impact of isothermal decompression on Steens- type magmas.
The results demonstrate the necessity of cumulate entrainment and the critical role of
isothermal decompression on the phase equilibria. This study emphasizes the efficacy of
modelling to test hypotheses and provides valuable mass, thermal, and phase equilibria
information that otherwise be difficult or impossible to ascertain.
More broadly, the results of this study demonstrate how thermodynamic tools like
the MCS and Rhyolite-MELTS can be used to model complex processes that occur as
magma is stored in and transported through the crust. The final models presented here
(i.e., RFCE ±A followed by isothermal decompression) for reproducing the whole-rock
major elements, abundant plagioclase, and other phase equilibria characteristics of upper
and lower Steens magmas may be applicable to the formation of other GPBs. Detailed
MCS and Rhyolite-MELTS modelling of lavas from other GPB locations can directly test
whether entrainment of plagioclase-bearing cumulates, followed by isothermal
decompression, are the dominant processes governing the formation of GPBs.
Additional modelling would enhance my results. Trace element modelling for the
decompression steps is pending, and I anticipate that this new work will support my
conclusions. In addition, model results for Na2O did not effectively reproduce the
observed trends and some trace element modelling results, such as Sr require
improvement. An important future step that might address these misfits and would
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improve both the efficacy of modelling and the rate of modelling involves application of
Monte Carlo MCS simulations where ranges of input (e.g., pressure range from 4 kb to 1
kbar) are specified, and then in each simulation, each input variable is randomly selected
from this range. Thousands of models can be run efficiently, and best fit results can be
evaluated based on specifications provided by the user. This mode of MCS simulations is
under development.
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